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             Fossil fuels (coal, natural gas, oil and petroleum) are the major source to 
satisfy the world’s energy demand. However, the excessive use of liquid 
transportation fuels in past years will have severe consequence in the near future. 
There most obvious impact that the world faces today include, depleting fuel 
reserves, alarming green house gas emission (GHG) levels and rising fuel prices. The 
biological conversion of lignocellulosic biomass (LCB) to ethanol is a promising 
strategy to solve the global issue of exhausting liquid transportation fuels.   
             Replacing fossil fuels by biomass derived ethanol (also known as second 
generation ethanol) can provide the dual benefits of renewability and mitigating the 
effects of global warming caused by the use of petroleum based fuels. However, their 
economical acceptance will be possible only when they are cost competitive with 
petroleum based fuels. The effective use of LCB as a feedstock for the production of 
ethanol is historically proven to be problematic and faces several technical 
challenges. The existing ethanol production processes involves a dedicated step of 
enzyme production, which is one of the major factors responsible for the high cost of 
biomass derived ethanol. 
           Recently, a highly cost-effective process configuration known as consolidated 
bioprocessing (CBP) has received renewed interest as an efficient means of ethanol 
production, due to various favorable reasons.  CBP integrates the individual steps of 
conventional bioprocessing into a single reactor mediated by candidate CBP 
microorganism or consortium of microorganisms, thus providing large cost savings.  
           Thermophilic anaerobic bacteria are the most attractive candidate organisms 
for a CBP based approach for ethanol production. These bacteria possess a natural 
ability of combined hydrolysis and fermentation of LCB to ethanol without the aid of 
any exogenous enzyme addition. Notwithstanding to “direct microbial conversion” 
potential, a high temperature based fermentation process offers several additional 
benefits that can achieve maximum cost-effectiveness, required to replace petroleum 
based fuels.  For instance, a few cellulose fermenting thermophilic anaerobic bacteria 
produced “cellulosome”, a complex of enzymes where different lignocellulolytic 
enzymes work in a synergy to deal with recalcitrant biomass, thus are more efficient 
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than free enzymes. Additionally, some sugar fermenting thermophilic anaerobic 
bacteria showed high ethanol yield close to the theoretical maximum, high ethanol 
tolerance and natural robustness for industrial use.   
              As the research progresses, more and more information about the genetics 
and metabolic characteristics of these organisms is becoming available. This has 
provided new hope for the effective use and commercial exploitation of these 
bacteria for biomass derived ethanol production that remains challenging via 
conventional approaches.  
             In this thesis, we screened different thermophilic anaerobic bacteria that can 
ferment whole or a particular portion of LCB to ethanol. A thermal hot spring site 
and a composting facility in India were explored for the isolation of these high 
temperature anaerobes. All the isolated strains were screened for ethanol production 
on various carbon sources related to lignocellulose. Here, 3 potential thermophilic 
anaerobic bacteria belonging to the genus Clostridium and Thermoanaerobacter 
have been identified and optimized for efficient hydrolysis and fermentation. These 
purified bacteria include; one cellulose fermenting strain of Clostridium sp. DBT-
IOC-C19 displaying high cellulolytic potential, one predominantly hemicellulose 
fermenting strain of Clostridium sp. DBT-IOC-DC21 displaying effective 
conversion of both pure xylan and native LCB to ethanol and one sugar fermenting 
strain of Thermoanaerobacter sp. DBT-IOC-X2 having co-sugar (C6 and C5) 
fermentation ability and high ethanol tolerance. A comparison of these strains with 
their phylogenetically closest relatives revealed significant variation in their substrate 
utilization spectrum and growth characteristics.  
            When comparing the cellulose fermenting strain DBT-IOC-C19 with 
Clostridium thermocellum DSM 1313, strain DBT-IOC-C19 produced higher 
ethanol (14.15 mM) and total soluble metabolite concentrations (25.52 mM) on 
dilute-acid pre-treated rice straw biomass (PT-RSB) at equivalent glucan loadings. 
The sugar fermenting strain Thermoanaerobacter sp. DBT-IOC-X2 was found to 
perform direct ethanolic fermentation of pentose rich waste stream [PRWS] derived 
from PT-RSB, thus avoiding the cost associated with an extra step of detoxification, 
which is usually performed prior to fermentation in conventional bioprocessing. 
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Furthermore, this strain was able to tolerate higher concentrations of common 
fermentation inhibitors present in LCB after pretreatment. Strain DBT-IOC-X2 also 
presented substantial fermentation performance on mixture of glucose and xylose 
with an ethanol yield of 0.29 g ethanol per g sugar consumed with over 95% sugar 
conversion. Strain DBT-IOC-DC21 presented preferential hemicellulose 
fermentation over the other tested substrates and came out as a true CBP candidate 
with pentose sugar fermentation ability along with complex polysaccharides and C6 
sugar. This strain presented significant substrate tolerance; however, the carbon 
source had a significant impact on metabolic flux distribution. 
             To further assess the feasibility of these isolates for CBP, co-culture 
fermentation was performed and their synergistic action was studied. The varying 
substrate preference of these 3 isolates in the form of a consortium allows for more 
efficient conversion of various lignocellulosic substrates and hence ethanol 
production. The co-culture system was proficient in fast fermentation of PT-RSB as 
the sole carbon source and subsequently produced almost three times the amount of 
ethanol compared to their mono-culture forms.   
             In addition to the above findings, a less explored strain of C. thermocellum 
ATCC 31924 was evaluated for its enzymatic and fermentation characteristics. 
Overall, this research presents novel thermophilic anaerobic bacteria as a platform 
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1.1  Introduction 
Fossil energy sources, are non-renewable resources that are responsible for 
supplying more than about 78% of total world energy demand (EIA, 2016). Fossil 
fuel depletion is a major future challenge and excessive use is coupled to severe 
environmental hazards and climate change (Pachauri et al., 2014). According to 
world energy outlook 2015, the combustion of fossil fuels is the most significant 
contributor to elevated CO2 increase and global warming (IEA, 2016). 
Intergovernmental Panel on Climate Change (IPCC) reported that the earth’s mean 
surface temperature had increased by 0.85°C over the period 1880 to 2012 and 
global mean sea level rose by 0.19 m over the period 1901 to 2010. If this drift 
continues it will lead to rising sea levels and submerging of coastal areas (Pachauri et 
al., 2014). In addition to this, the Census bureau’s latest estimate indicates that the 
world population is likely to reach ~9 billion by 2042 (Census, 2017). A parallel 
increase in the global population over the last 50 years has directly resulted in 
increasing energy consumption and contributed to the present energy crisis (EIA, 
2016). The International Energy Outlook 2016 estimated 48% increase in world 
energy consumption from 2012 to 2040 (EIA, 2016). Another important issue is 
fluctuation in fossil fuel prices. The rise in fossil fuel price affects other variables 
such as international inflation and global GDP growth rate (IEA, 2015). 
Research has been carried out on the utilization of renewable feedstocks for 
the production of alternative forms of energy, which can substitute for conventional 
energy sources in a sustainable manner. European directives has set an ambitious 
target to fulfill 20% of the total energy demand by renewable energy sources by the 
year 2020 (Union, 2009). The Energy Independence and Security Act of 2007 in the 
United States, proposed the target of 36 billion gallons of biofuel by 2020 
(Yacobucci, 2016). Brazil, the second largest producer of ethanol has a biofuel 
mandate to replace 20% of the gasoline demand with ethanol by the year 2020 
(Suarez-Bertoa et al., 2015). China has a target to fulfill 10% of the energy demand 
using biofuel by 2020 (Suarez-Bertoa et al., 2015). Similar initiatives are under 
progress by other countries including India, Thailand, Canada, Argentina and South 
Africa (Taylor et al., 2009).  
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Biofuel is the fastest growing renewable source of energy and has the 
potential to curb GHG emissions and become a carbon neutral alternative of 
petroleum based fuels (Nanda et al., 2014; Tilman et al., 2006). Ethanol can be 
blended with or replace conventional liquid transportation fuels such as gasoline 
(Scully & Orlygsson, 2015; Watanabe, 2013). Ethanol is an oxygenated fuel with a 
high octane number, a low cetane number and a high heat of vaporization, which 
leads to its superior net performance over some conventional fuels in a standard 
gasoline engine (Balat et al., 2008; Kim & Dale, 2004; Nanda et al., 2014).  In 
addition biofuel also offer the opportunity to reduce GHG emissions originated from 
the use of liquid transportation fuels (Farrell et al., 2006; Soam et al., 2016). 
According to life cycle analysis (LCA) studies, ethanol derived from sugar, 
starch and/or biomass based substrates are carbon neutral or carbon negative and 
offers net energy gain (Dewulf et al., 2005; Malça & Freire, 2006). A recent report 
by the U.S. Department of Agriculture stated that there was a 43% reduction in GHG 
emissions by corn-based ethanol compared to petroleum-based gasoline (USDA, 
2017). Although due to its lower energy content and lower calorific value than 
gasoline, application of ethanol as a liquid transportation fuel requires it’s blending 
with some high calorific fuels (Schuster & Chinn, 2013). Ethanol can be used as a 
transportation fuel in a variety of forms including; ethanol-gasoline blends in the 
form of E10 and E85, neat or hydrous ethanol (containing blend of gasoline with 
approximately 20 % water & dispersants), ETBE or as an oxygenated fuel (7 % v/v 
ethanol) (Balat et al., 2008; Nanda et al., 2014; Vohra et al., 2014). These blends can 
be utilized directly with both non modified combustion engines (as low level blend 
E10 or E25) and modified compression ignited engines (at any ratio of ethanol to 
gasoline) (Carere et al., 2008; Lynd, 1996). 
The worldwide production of ethanol is increasing dramatically, with 88.7 
billion liters of ethanol produced in 2013 (Afrinol, 2017). Currently the USA, Brazil, 
China, Canada and France are the five major ethanol producing countries. The 
United States became the world’s largest ethanol producer in 2016, responsible for 
60% of global ethanol production (RFA, 2017). Most of it is being produced by the 
fermentation of sugar based substrates such as sugarcane and starch (corn), which is 
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categorized as first generation ethanol (Naik et al., 2010). Despite the advancement 
in sugar-to-ethanol conversion technology, the production of first generation ethanol 
is questionable because of a food vs. fuel conflict for these feedstocks (Ajanovic, 
2011). In 2006, about 1 % of world arable land was redirected to biofuel production 
and this is presumed to reach 2.5% - 3.8% in 2030 (Ajanovic, 2011; Havlík et al., 
2011). This will further intensify the pressure of agricultural disturbance and food 
security. Apart from this, since its production will be based on a food based 
substrate, sufficient annual supply according to world energy consumption will be 
uncertain (van Zyl et al., 2011). 
Under this scenario, production of second generation ethanol produced from 
non-edible feedstock like LCB is encouraged (Kim & Dale, 2004). LCB is obtained 
after agricultural practices in the form of straw residues having little or no use. Due 
to its lower cost and abundant availability, production of ethanol from LCB can lead 
to a more sustainable bioenergy production program (Kang et al., 2014; Zabed et al., 
2016). In contrast to the United States, countries like China, India and Japan 
continue to invest in technologies involving the use of LCB rather than food based 
substrates and are producers of second generation ethanol (Gunatilake et al., 2014; 
Koizumi, 2013; Qiu et al., 2012).  
Second generation ethanol are the fastest growing biofuel and has several 
socio-economic and environmental benefits (Watanabe, 2013). Despite both 
lignocellulose and food crop based fermentation yielding similar products, with 
respect to sustainability and environmental impact lignocellulose-derived ethanol are 
more advantageous (Carere et al., 2008). According to the U.S. Department of 
energy corn ethanol reduces GHG emissions by 18% to 28%, while biomass derived 
ethanol offered an 87% reduction in GHG emissions in comparison to gasoline, 
(Nguyen et al., 2017). As per most LCA studies, biofuel derived from biomass can 
lower the GHG emissions relative to conventional petroleum fuels and first 
generation biofuel (Luo et al., 2010). The Energy Independence and Security Act 
(EISA) of 2007, proposed an increasing use of cellulosic ethanol beginning with 100 
million gallons in 2010 to 16 billion gallons by 2022 and a target of at least a 60% 
reduction in life-cycle GHG emissions (EISA, 2007).  
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1.2  Largest barrier in commercialization of second generation ethanol  
Notwithstanding the superior benefits of lignocellulose-derived ethanol, a 
fuel-efficient conversion of biomass at industrial level is quite challenging due to 
biomass recalcitrance, making the biomass naturally resistance to deconstruction 
(Alvira et al., 2010; Lynd, 1996). LCB (comprised mainly of cellulose, 
hemicelluloses and lignin) is a highly recalcitrant structure that requires a cost 
intensive physico-chemical pretreatment and enzyme treatment steps prior to 
fermentation, essential to derive sugars from LCB (Sánchez & Montoya, 2013; 
Vohra et al., 2014).  
Conventionally, the process of ethanol production starts with an initial 
pretreatment step to attain lignin removal and hemicellulose depolymerisation so as 
to provide accessible cellulosic core for the action of cellulolytic enzymes followed 
by fermentation of resulting sugars to ethanol or other valuable products by 
appropriate fermenting organisms (Abraham et al., 2016; Bhalla et al., 2013) (Figure 
1.1). These additional steps increase capital cost, complexity and processing time 
required for cellulosic ethanol production.  
 
Figure 1.1 Key steps involved in the enzymatic conversion of LCB to ethanol  
The involvement of a number of steps during biomass conversion makes 
ethanol production more expensive than corn and sugarcane based ethanol, 
questioning its economical and industrial feasibility. Even after the research efforts 
of the past 2-3 decades, commercial production of lignocellulose-derived ethanol is 
still not in large scale production compared to conventional fuels (Menon & Rao, 
2012). No commercial-size second generation ethanol production plant was available 
until 2009 (Bacovsky, 2010; EBTP, 2017). However, a number of demonstration 
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plants were operational. The first 2G-ethanol commercial plant by Beta Renewables, 
a subsidiary of Chemtex, and Group M&G, Italy only came in 2013, with a capacity 
of 75 million liters of cellulosic ethanol per year 
(http://www.betarenewables.com/en). The plant uses an enzyme cocktail provided by 
Novozymes biotechnology company (Denmark) to ferment local wheat straw, rice 
straw and Arundo donax to ethanol. Currently six commercial plants are running 
however not to capacity. In fact, in the year 2015-16 the global production of second 
generation ethanol was only 6 million gallons (Nguyen et al., 2017). This suggests 
that the technology is still evolving and many technical and cost issues remain to be 
overcome. Some key barriers to the commercialization of second generation ethanol 
are discussed below. 
Biomass structural complexity and variability 
LCB mainly includes agricultural residues (such as straw, corn stover etc.), 
energy crops (such as switchgrass, poplar etc.), forest residues and cellulosic 
material in the form of food waste and municipal solid waste, with annual production 
of 100-150 billion tons (Salehi Jouzani & Taherzadeh, 2015; Tan et al., 2016). The 
complex LCB is a rigid structure comprising three main components; cellulose (40-
50%), hemicellulose (20-30%) and lignin (10-25%) (Figure 1.2), however, its 
composition is source dependent (Kim & Dale, 2004; Raj et al., 2015). Cellulose and 
hemicellulose constitutes about two thirds of lignocellulose and are the main source 
of fermentable sugars, while lignin is devoid of sugar (Puri et al., 2012).  
Crystalline cellulose is a linear homopolymer of up to 15,000 anhyroglucose 
units joined by β-1, 4- glycosidic linkage in a highly ordered fashion that render 
mechanical strength, however natural cellulose is heterogeneous in nature and 
comprises of varying amorphous and crystalline regions (Himmel et al., 2010). 
Hemicellulose is a branched hetropolymer comprising different C6 (glucose, 
galactose & mannose), C5 (xylose & arabinose) and sugar acids and possesses a 
random amorphous structure with little mechanical strength that is easy to hydrolyse 
(Yang et al., 2011). Three p-hydroxy cinnamyl precursors; p-coumaryl alcohol, 
coniferyl alcohol and sinapyl alcohol constitutes the structure of lignin that act as a 
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glue and enveloped the cellulose and hemicellulose core through strong covalent 
bonds, thus reinforcing a robust polymer that is difficult to degrade and loosening of 
this rigid structure is important to release the sugar locked in biomass (Munir & 
Levin, 2016). Various factors such as feedstock type, biomass particle size, 
crystallinity index of cellulose, porosity of biomass, lignin content and 
hemicelluloses side-chain branching etc. affects the digestibility of particular 
biomass (Akhtar et al., 2016; Raj et al., 2015).  This complexity imposes a huge 
challenge for cost-effective ethanol production. Another concern is that, as the 
demand of cellulosic ethanol will increases the cost of biomass will also increase. 
This uncertainty in feedstock costs will become an important factor in determining 
the cost competitiveness of cellulosic ethanol with other liquid transportation fuels.  
A.                              
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B.              
 
Figure 1.2 Structure of cellulose (A) and hemicellulose (B) along with the enzyme systems 
involved in their degradation. 
Need for efficient pretreatment technology 
Typically, the first step involved in the production of ethanol from LCB is 
pretreatment, accounting for 18-20% of the total projected cost of LCB to ethanol 
conversion (Chiaramonti et al., 2012). This step is essential to improve the 
economics of enzymatic hydrolysis and microbial fermentation in subsequent steps 
(Abraham et al., 2016). Previously, different physical (microwave mediated, milling 
etc.), chemical (acid, alkaline, organosolve and ionic liquids treatment etc.) and 
physico-chemical (steam explosion, wet oxidation, ammonia fiber expansion etc.) 
methods have been developed as a means to achieve pretreatment of biomass 
(Karimi & Taherzadeh, 2016). However, none of the method could achieve 100% 
recovery of useable carbohydrate polymers and cannot be endorsed for all the types 
of LCB (Agbor et al., 2011; Galbe & Zacchi, 2007).  
Hemicellulose, being less recalcitrant in nature degraded to its constituent 
part and was obtained as a mixture of sugars and inhibitors, which posed difficulties 
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for the subsequent fermentation step (Agbor et al., 2011). Since hemicellulose 
contains significant amount of sugars, its loss during pretreatment is not 
economically feasible (Saha, 2003). In this regard, a detoxification step is applied 
prior to hydrolysis which leads to cost escalation (Carter et al., 2011; Kundu et al., 
2015). 
Recently, new pretreatment technologies involving a combination of different 
pretreatment methods has been proposed to achieve enhance sugar recovery, fast 
processing and reduced inhibitor formation (Akhtar et al., 2016; Bokinsky et al., 
2011; Salehi Jouzani & Taherzadeh, 2015). Also the development of transgenic 
plants with the help of synthetic biology and genetic engineering approaches was 
shown to be a promising new strategies to; reduced lignin content, increased 
cellulose content and reduced recalcitrance and crystallinity of cellulose in energy 
crops (Bartley et al., 2014; Fu et al., 2011). However, such strategies are not useful 
for countries like India, where it is not possible to devote a large amount of land for 
the purpose of energy crop production. As pretreatment is one of the costliest step in 
lignocellulosic ethanol production, development of these new technologies could 
improve the efficiency of pretreatment in near future. 
High cost of cellulase 
The biomass after pretreatment is subjected to a mixture of cellulases and 
hemicellulases to achieve its complete saccharification. Irrespective of its simpler 
structure, the degradation of crystalline cellulose demands the concerted action of 
three different enzymes namely Endoglucanase, Exoglucanase and β-glucosidase, 
where Endoglucanases [EC 3.2.1.4] randomly cleaves internal bonds at amorphous 
region of cellulose and creates oligosaccharides and new chain ends for the 
subsequent action by Exoglucanases. Exoglucanases also known as 
cellobiohydrolases [EC 3.2.1.91] can act on the resulting chain ends to form 
tetrasaccharides or disaccharides and finally β-glucosidases [EC 3.2.1.21] hydrolyze 
the resulted cellobiose units into glucose (Himmel et al., 2010) (Figure 1.2).  
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In contrast to cellulose, due to the branched structure involving different 
types of bonds between sugar and non-sugar components, complete degradation of 
hemicellulose consorted with a variety of enzymes such as Endo-β-D-xylanase [EC 
3.2.1.8] and β-xylosidase [EC 3.2.1.37] that catalyzes the first step of  
depolymerization followed by the action of additional side chain acting enzymes 
such as α- arabinofuranosidase [EC 3.2.1.55], α- glucoronidase [EC 3.2.1.139], 
Acetyl xylan esterases [EC 3.1.1.72], β- mannanase [EC 3.2.1.78], β- mannosidases 
[EC 3.2.1.25] and α- galactosidases [EC 3.2.1.22] (Himmel et al., 2010) (Figure 1.2).  
For a biorefinery a large amount of enzymes are required for saccharification 
thus highly efficient enzymes with decreased doses are a way to gain process 
effectiveness. Current research indicates that the economic conversion of LCB is 
primarily dependent on both an effective pretreatment technology suitable to a broad 
range of biomass and an efficient enzymatic saccharification step that can release 
maximum sugars locked in crystalline biomass, making it available for microbial 
fermentation (Johnson, 2016; G. Liu et al., 2016).  
Due to the complex nature of biomass a fuel-efficient saccharification at 
industrial level demands a plethora of lignocellulose-degrading enzymes, but their 
high production cost and lack of robustness to combat extreme bioprocessing 
conditions are one of the major obstacles in the current progression of biofuel 
commercialization (Chen, 2015; Khare et al., 2015; Vohra et al., 2014). 
Despite the fact that fungi are capable of secreting a large amount of 
extracellular enzymes, fungal enzyme based saccharification carried out at 
temperature ≤50ºC has several drawbacks such as: (i) lower stability upon prolonged 
storage; (ii) incomplete hydrolysis mainly due to lower adsorption rate on substrate 
thus demanding higher dosage of enzymes; (iii) production encounter inactivation 
due to sheer stress caused by stirring in the reactor attributed by filamentous 
morphology of fungi; (iv) enzyme inactivation by solvents; (v) feedback inhibition of 
enzymes by resulting sugars; and (vi) high production costs (Bhalla et al., 2013; Lin 
& Xu, 2013).  
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Cellulase engineering for decreasing enzyme doses has been a major research 
area in this field over the past few decades. On real biomass substrates enzymes 
display a lower catalytic rate (kcat) in comparison to model cellulosic (avicel) and 
hemicellulosic (xylan) substrates (Lynd et al., 2002). This results in a high loading of 
cellulases. Even after many research advances the complete hydrolysis of PT 
biomass still requires a high loading of enzymes and a longer reaction time (van Zyl 
et al., 2011). No dramatic activity enhancement have been reported so far in the 
known cellulases which are engineered by rational design or directed evolution for 
improving cellulase efficiency (Zhang & Zhang, 2013).  
Leading commercial enzyme suppliers such as Novozymes (Denmark), 
Genencore (USA) and research groups from National Renewable Energy Laboratory 
(NREL) have provided cocktails of different lignocellulolytic enzyme with 
improvement in some of these properties to achieve an enhanced saccharification 
rate and a major emphasis in current research program is to reduce the cost of these 
enzymes cocktails. 
High capital cost 
Due to involvement of multiple steps in the biomass conditioning and 
processing, commercial cellulosic ethanol requires high initial investments. The total 
capital investment for a cellulosic ethanol plant is estimated to be more than three or 
four times that for a corn based ethanol plant (Coyle, 2010). Thus, to become a cost-
effective and sustainable alternative of petroleum derived fuels, ethanol production 
from LCB must gain process improvement in each step. 
1.3  Biomass-to-ethanol conversion schemes 
As the commercialization of ethanol is of interest to both developed and 
developing nations, different biomass conversion schemes have been proposed that 
are based on key procedures including; biomass selection, pretreatment, 
saccharification, microbial fermentation, downstream processing and purification 
(Hasunuma et al., 2013; Lynd et al., 2008; Olson et al., 2012). Figure 1.3 
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summarizes the suggested biomass-to-ethanol processing approaches involving 
combination of these steps to refine conventional method for process improvement.  
Separate hydrolysis and fermentation [SHF] 
SHF is a traditional bioprocessing configuration where each event of biomass 
conversion takes place as a distinct step in a separate fermentor (Menon & Rao, 
2012). Conventionally the SHF process is based on Trichoderma ressei-
Saccharomyces cerevisae system for enzyme production (≤50°C) and sugar 
fermentation (37°C). The prime advantage of SHF is operational benefit, as each step 
is carried out at its optimum condition. However, the process is not efficient and 
cost-effective due to product inhibition, differing hydrolysis and fermentation 
temperature, costly cellulase addition, high capital cost and involvement of several 
steps (Linger & Darzins, 2013; Sánchez & Montoya, 2013; Schuster & Chinn, 2013). 
Several technological advances are underway to increase the efficiency of these three 
steps. 
 
Figure 1.3 Schematic representation of a typical lignocellulose to biofuel process (i) Separate 
Hydrolysis & Fermentation (SHF), (ii) Simultaneous Saccharification & Fermentation 
(SSF), (iii) Simultaneous Saccharification & Co-Fermentation (SSCF), (iv) Consolidated 
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Bioprocessing- First generation (1G-CBP), (v) Consolidated bioprocessing- Second 
generation (2G-CBP). The new paradigm, single step second generation CBP, is based on 
the microbial breakdown of native LCB into fuel and promises maximum cost-effectiveness 
(Chung et al., 2014). 
Simultaneous saccharification and fermentation [SSF] 
SSF combines two events of ethanol production, namely saccharification and 
fermentation of C6 sugars in a single fermentor, with the rest of the configuration 
being similar to SHF (Hasunuma et al., 2013). The advantage of SSF is that enzyme 
inhibition is not a problem due to simultaneous fermentation of released sugars. The 
overall cost-effectiveness of SSF is suggested to be higher than that of SHF as the 
enzyme utilization is improved. However, the compatibility of hydrolysis (Topt 45-
50°C) and fermentation (Topt 37°C) in a single fermentor is the major obstacle to 
overcome (Hasunuma et al., 2013). In addition, separate fermentation of pentose 
sugar is still a key cost contributing factor. Utilizing co-sugar fermenting 
thermotolerant yeast for fermentation is a viable option (Krishna et al., 2001).  
Simultaneous saccharification and co-fermentation [SSCF] 
Hemicellulose constitutes the second largest constituent of LCB after 
cellulose. Thus, during lignocellulosic ethanol production fermentation of pentosans 
(sugars and oligomers released after the breakdown of hemicelluloses) is an 
unavoidable part of the process (Alvira et al., 2010; Sommer et al., 2004). 
Considering this fact, another process configuration named SSCF has been proposed 
that combines saccharification and fermentation of both C6 and C5 sugars in a single 
fermentor by using genetically engineered strains (Salehi Jouzani & Taherzadeh, 
2015; Yasuda et al., 2014). With respect to many aspects this process represents an 
advantageous alternative over SSF and SHF. The main advantage is the simultaneous 
consumption of both C6 and C5 sugars so that inhibition of enzymes and 
fermentation would not be a problem (Olofsson et al., 2010; Zhang & Lynd, 2010). 
However, addition of costly exogenous enzymes is still the major disadvantage of 
SSCF technology and needs improvement (Salehi Jouzani & Taherzadeh, 2015). 
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1.4  Consolidated bioprocessing [CBP] 
The total cost of feedstock, pretreatment and enzyme treatment is estimated 
to account for two-third of the total production cost with enzyme as the largest cost 
contributor (Himmel et al., 2010; Lynd et al., 2005). A highly integrated process 
known as CBP, featuring biomass saccharification and fermentation in a single 
reactor without the need of any exogenous enzyme addition, is recognized as the 
ultimate configuration for low cost biomass processing to fuel like ethanol 
(Hasunuma et al., 2013; Linger & Darzins, 2013; Lynd et al., 2005; Schuster & 
Chinn, 2013).  Nonetheless, CBP is a developing technology and still at the early 
stages of development.  
1.4.1  Benefits of CBP 
The concept of CBP was first proposed in 1996 by Prof. Lynd. Soon after the 
realization, CBP was suggested as a promising approach to circumvent the cost 
constraints of current ethanol production program. CBP provides the following 
attributes to the conversion schemes:   
1) CBP combines individual unit operations of biomass processing and brings 
significant reduction in the overall maintenance and capital cost of the process. 
Lynd et al., suggested a 4-fold reduction in overall cellulosic ethanol production 
cost by a CBP process compared to SSF and SSCF process (Lynd et al., 2005). 
2) Due to simultaneous saccharification and fermentation, CBP enhances process 
efficiencies by reducing cellulase inhibition due to generated sugars. Generally, 
the sugars released after enzyme hydrolysis causes inhibition of both enzymes 
and fermenting organisms in conventional schemes, while during CBP the sugars 
produced are fermented to the final product before they become inhibitive 
(Dashtban et al., 2009; Schuster & Chinn, 2013). 
3) CBP eliminates the need for exogenous enzyme addition, as the CBP candidates 
produce their own cellulolytic and hemicellulolytic enzymes for the 
deconstruction of LCB, resulting in large cost savings (Carere et al., 2008; Lu et 
al., 2006; Lynd et al., 2005; Lynd et al., 2002). 
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4) As the individual steps of biomass conversion are combined, CBP is expected to 
offer potential GHG savings compared to conventional biomass conversion 
schemes. 
5) CBP features enzyme-microbe synergy which leads to higher conversion rates 
(Lu et al., 2006). 
1.4.2  CBP organism development strategies 
The success of CBP is based on potential candidate organism/s capable of 
performing both hydrolysis and fermentation of LCB at industrially desired yield, 
titer and productivity (Olson et al., 2012; Parisutham et al., 2014; Salehi Jouzani & 
Taherzadeh, 2015; Xu et al., 2009). The specific traits of a CBP candidate organism 
for its industrial application include, 
 Fermentation performance with yield, titer and productivity as per industrial 
criteria (ethanol yield of >90% of theoretical maximum, titer of >40 g L
-1
 and 





 Ideal CBP candidate must grow directly on native LCB, to avoid the additional 
cost associated with pretreatment. 
 Secretion of complete set of biomass saccharification enzymes for rapid 
deconstruction of lignocellulose 
 Simultaneous uptake and fermentation of both C6 and C5 sugars 
 Tolerance to ethanol and fermentation inhibitors (such as 2-furfural, 5-HMF, 
acetic acid etc.) 
 High substrate tolerance  
 
A feasible CBP will be available when a microorganism that satisfies the 
above mentioned criteria will be developed. So far, no single organism capable of 
CBP with industrial potential has been identified (Parisutham et al., 2014). However, 
during the last decades, several wild-type (WT) and engineered organisms including 
yeast, fungi and bacteria have been developed and tested for their feasibility for a 
CBP approach either alone or in the form of co-cultures.  
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In recent years, three major strategies (native, recombinant and a combination 
of native and recombinant) have been proposed and are being pursued for the 
development of an ideal CBP candidate (Salimi & Mahadevan, 2013; Zhang & 
Zhang, 2013). The native strategy aims to improve ethanol production in natural 
cellulolytic microorganisms, which can be achieved by elimination of pathways 
leading to by-product formation and introduction of desired ethanol production 
pathways by metabolic engineering (Xu et al., 2009). The recombinant strategy aims 
to introduce genes for cellulase production into microorganisms which have good 
fermentation ability. Here, directed mutagenesis or metabolic engineering 
approaches are applied that involved functional expression of cellulases and 
hemicellulase of cellulolytic microbes into organisms with ethanol production 
potential. The third strategy aims to engineer a cellulolytic microorganism to become 
ethanologenic or an ethanologenic microorganism to become cellulolytic. A model 
organism for this strategy must offer easy genetic engineering and be regarded as 
industrially safe.  
1.4.3  CBP organisms under development 
 Fungi as a CBP candidate 
Filamentous fungi are well known for their ability to produce large amount of 
extracellular lignocellulolytic enzymes and are the industrial choice for cellulase 
production (Himmel et al., 2010; Zhang & Zhang, 2013). In addition to their high 
cellulolytic potential, most fungi are equipped with the complete set of major 
metabolic pathways involved in ethanol production (Amore & Faraco, 2012; Salehi 
Jouzani & Taherzadeh, 2015). Therefore, some hypercellulolytic fungal strains are 
under development as a CBP candidate via native and recombinant cellulolytic 
strategies, for example; Fusarium oxysporum (Ali et al., 2016),  Aspergillus oryzae 
(Hossain, 2013), Paecilomyces variotii (Zerva et al., 2014), Trichoderma reesei (Xu 
et al., 2009) and Mucor indicus (Karimi et al., 2006). However, fungi suffer from 
some major limitations as a CBP candidate: 
Ethanol production by novel thermophilic anaerobic isolate/s via consolidated bioprocessing 
                                                                                                                          
                                                                                                                   17 
 
 Ethanol fermentation is an anaerobic process, while fungi are obligatory aerobic 
organism. Under aerobic conditions, fungi could be able to hydrolyze LCB 
effectively but subsequent fermentation of sugars will require anaerobic 
conditions. Due to obligate aerobic nature of fungi, the enzymes involved in its 
energy generation pathways such as glycolysis will be repressed under anaerobic 
conditions that will cause cell death (Bonaccorsi et al., 2006; Salehi Jouzani & 
Taherzadeh, 2015). 
 Lower ethanol yield and productivity during single step fermentation of 
lignocellulose (Amore & Faraco, 2012). 
 Many fungi encounter inhibition of cell growth due to lower ethanol tolerance 
(Xu et al., 2009). 
 Slower performance on real lignocellulosic substrates (Amore & Faraco, 2012). 
Yeast as a CBP candidate 
The application of ethanologenic yeast in a single fermentor operation during 
SSF is an important milestone in gaining cost competitive cellulosic ethanol 
production (Haan et al., 2015; Salehi Jouzani & Taherzadeh, 2015). In recent years, 
efforts have been made in developing yeasts as a CBP candidate by inserting the 
genes for cellulose and hemicellulose utilization (Almeida et al., 2007; Chandler et 
al., 2004; Haan et al., 2007; Hahn-Hägerdal et al., 2007; Hong et al., 2014). 
Examples of yeast under extensive development for CBP include; Saccharomyces 
cerevisiae (Haan et al., 2015; Träff et al., 2001; Wahlbom et al., 2003) and 
Kluyveromyces marxianus (Flores et al., 2013; van Zyl et al., 2011; Yuan et al., 
2012). Saccharomyces cerevisae, is the most prominent and extensively researched 
CBP candidate applying a recombinant strategy, because of its high ethanol yield and 
productivity from C6 sugars, high ethanol tolerance, natural robustness for industrial 
application and GRAS status (Hahn-Hägerdal et al., 2007; Linger & Darzins, 2013). 
Accumulating data indicates that the ethanologen Saccharomyces cerevisae could 
become a potential cellulolytic organism in near future. However, considerable 
research and development are still needed to develop such organism, as it suffers 
from some major limitations: 
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 Most WT yeast strains have an inability to ferment pentoses (i.e. xylose and 
arabinose) due to the absence of xylose transport and utilization pathway 
(Bengtsson et al., 2009; Eliasson et al., 2001; Hahn-Hägerdal et al., 2007). 
Utilization of pentose is essential to achieve better cost-effectiveness of the 
process (Nogué & Karhumaa, 2015).  
 Due to inability of most yeast strains to ferment products of cellulose hydrolysis 
such as cellobiose and other oligosaccharides, genetic engineering is essential to 
incorporate genes for β-glucosidase production (Hong et al., 2014). Often 
genetically engineered yeast strains preferentially ferment glucose over other 
sugars (Laluce et al., 2012). 
 The major limitation is the inability of yeast strains to utilize cellulose, thus 
heterologous expression of different cellulase related genes are required (Hong et 
al., 2014). Even after successful insertion of genes, secretion of enzymes up to a 
desired level has not been achieved by any of the engineered yeast strains. 
 Most yeast strains have growth optima near 28°C to 37°C for ethanol production 
while optimal cellulase activity occurs at 50°C temperature. This significant 
difference in optimal performance temperature can cause reduced ethanol 
production efficiency.  
 Slower performance on real lignocellulosic substrates (Laluce et al., 2012). 
 Bacteria as a CBP candidate 
Bacterial strains capable of performing both lignocellulose hydrolysis and 
fermentation under anaerobic conditions are preferred as candidates for CBP.  So far 
potential organism for CBP includes; C. thermocellum, C. phytofermentans, 
Thermoanaerobacterium sp., Caldicellulosiruptor sp. and C. cellulolyticum (Dien et 
al., 2003; Linger & Darzins, 2013; Salehi Jouzani & Taherzadeh, 2015; Taylor et al., 
2009). Other bacteria under development for CBP include; Zymomonas mobilis 
(Jung et al., 2012) and Escherichia coli (Schuster & Chinn, 2013), which are under 
development via combination of native and recombinant strategies. These bacteria 
lack both genes related to cellulase production and ethanol fermentation, but are 
amenable to genetic engineering and have enhanced sugar uptake ability. Limitations 
of bacteria for CBP include:  
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 Development of most mesophilic bacteria involves metabolic engineering to 
achieve heterologous expression of genes related to cellulase production and 
ethanol production pathway (Gonzalez et al., 2003). Genetically engineered 
strains are often less stable compared to native strains. 
 Mixed acid fermentation is a problem associated with most of the candidate 
bacteria for CBP (Wiegel, 1980). 
 Lower ethanol yield and tolerance (Dien et al., 2003) 
1.5  CBP at high temperature can lead to process advancements 
Despite of the benefits of CBP over conventional processing, the 
commercialization of CBP still have some major challenges to overcome (Brethauer 
& Studer, 2014; Chung et al., 2014; Salehi Jouzani & Taherzadeh, 2015; Xu et al., 
2009). These include: 
 Optimization of cellulose hydrolysis and fermentation by an engineered 
mesophilic host will be problematic. 
 Fermentation reaction in a single pot is time consuming and requires 4 to 12 days 
for the recovery of final product. 
 Engineered strains are not genetically stable and may encounter problems related 
to tolerance and productivity. 
 Co-expression of multiple cellulase genes and proper secretion of enzymes is 
uncertain. 
 Majority of proposed CBP candidate have presented difference in their 
performance during fermentation of model (e.g. avicel and xylan) and real 
lignocellulosic substrates. 
Research areas in the field of CBP includes; selection of candidate CBP 
strains, optimization of integrated steps into consolidated process, direct hydrolysis 
and fermentation of native biomass, and genetic manipulation of candidate strains for 
improved ethanol yield and substrate tolerance (Lynd et al., 2016; Salehi Jouzani & 
Taherzadeh, 2015; Scully & Orlygsson, 2015). Currently, the majority of 
conventional bioprocessing involved use of yeast-fungi based system (mesophilic 
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organisms) facing several constraints that reduces the chances of success of second 
generation ethanol production.  
Considering several process benefits associated with high temperature 
conditions, recent research advances rely on the feasibility of thermophilic anaerobic 
bacteria for CBP. Among the proposed candidates so far, thermophilic anaerobic 
bacteria show potential as CBP candidates. These organisms possess the innate 
ability of single step production of ethanol from complex lignocellulosic substrates. 
Due to their broad substrate spectrum these organisms are of interest for their 
application in biomass based refineries (Blumer-Schuette et al., 2014; Chang & Yao, 
2011; Vanfossen et al., 2008). A high temperature (>50°C) process would offer a 
number of potential benefits over mesophilic temperature process under CBP 
scheme. Such as: 
1) In case of a thermophilic fermentation system cooling or heating of fermentor 
between different steps of bioprocessing would not be required, providing 
significant energy savings (Lynd et al., 2005; Taylor et al., 2009). 
2) As per Arrhenius equation, a 10°C rise in temperature can double the rate of 
reaction, thus a faster reaction and decreased amount of enzyme for biomass 
conversion will be required at high temperature (Lin & Xu, 2013; Turner et al., 
2007).  
3) High temperature process may advantageously increase the rate of lignocellulose 
deconstruction in a thermophilic fermentor and will require mild pretreatment 
(Kataeva et al., 2013). 
4) Microbial contamination (due to mesophilic bacteria and fungi) is a significant 
problem during industrial fermentation and the addition of antibiotics for the 
prevention of these contaminations adds significant extra cost (Skinner & 
Leathers, 2004). A high reaction and fermentation temperature can minimise 
these contaminants (Lin & Xu, 2013; Taylor et al., 2009). 
5) Better solubility of reactants and products at higher temperature provide efficient 
mixing, thus reduced energy input (Lynd et al., 2008). 
6) High temperature also facilitates easier recovery of product because ethanol 
vaporizes at temperature above 50°C (Chang & Yao, 2011; Xia et al., 2013).   
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7) The operating cost of a thermophilic process is almost similar to an ambient 
temperature process (Blumer-Schuette et al., 2014). 
1.6  Thermophilic anaerobic bacteria: Rationale and Potential as a CBP 
candidate 
Thermophilic anaerobes are interesting group of organisms that not only 
survive at high temperature but also can thrive, producing organic compounds under 
such extreme conditions (Canganella & Wiegel, 2014; Wagner & Wiegel, 2008). By 
definition thermophilic anaerobes are described as the group of microorganisms that 
cannot use oxygen as the terminal electron acceptor and grow at elevated 
temperature (>50°C) (Canganella & Wiegel, 2014). Thermophilic anaerobic bacteria 
are of interest; (i) due to their ability to grow on LCB directly for the purpose of 
ethanol, hydrogen and methane production (Blumer-Schuette et al., 2014; Taylor et 
al., 2009) and (ii) few thermoanaerobes offers unique lignocellulose deconstruction 
machinery and can serve as an excellent source of thermostable enzymes for 
biorefinery applications (Bayer et al., 2008; Turner et al., 2007).  
With the increasing availability of genetic tools and genome sequences of 
solvent producing thermophilic and extremely thermophilic anaerobic bacteria, 
increased efforts for utilizing these bacteria for industrial production of ethanol has 
been observed. Some advantages and unique benefits offered by thermophilic 
anaerobic bacteria in particular for a CBP scheme include:  
1) Thermophilic anaerobic bacteria possess remarkable substrate spectrum of 
different carbon sources starting from mono- and di-saccharides to complex 
polysachharides and recalcitrant LCB (Blumer-Schuette et al., 2008; Chang & 
Yao, 2011; Demain et al., 2005). This broad substrate utilization potential offers 
the capability to utilize different portion of LCB and is one of the prime reason 
for interest in thermophilic anaerobic bacteria for solvent production. However, 
different thermophiles differ in their pattern of carbohydrate utilization, with 
more cellulose and C6 utilization observed for the thermophiles having Topt 55-
60°C (Demain et al., 2005), while more hemicelluloses and pentose utilization 
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was observed for the thermophiles having Topt 70°C or higher (Blumer-Schuette 
et al., 2008; Dam et al., 2011). 
2) Most extremely thermophilic anaerobic bacteria can perform co-utilization of C6 
and C5 sugars derived from LCB in an unbiased manner, which is an essential 
trait for any ethanol producing candidate. This suggested absence of carbon 
catabolite repression (CCR) (Gorke & Stulke, 2008) in most thermophiles 
(Andersen et al., 2015; Cripps et al., 2009; Georgieva et al., 2008; Jones et al., 
2002; Lin et al., 2011; Lin & Xu, 2013; Shaw et al., 2008; Vanfossen et al., 
2009). 
3) Thermophilic bacteria and their thermostable enzymes can solve the issue of 
slower enzymatic hydrolysis rate and microbial contamination problems 
normally observed during conventional processing carried out at ≤50°C 
temperature (Bhalla et al., 2013; Viikari et al., 2007; Yeoman et al., 2010). 
4) Adaptability to wide range of pH is another useful trait makes thermophilic 
anaerobic bacteria a suitable candidate for industrial bioprocessing. Biomass 
processing using thermoacidophilic and thermoalkaliphilic bacteria and their 
enzymes could avoid an additional neutralization step and thus promotes cost 
savings (Bhalla et al., 2013).  
5) Implementation of thermophilic anaerobic bacteria in any of the proposed 
biomass conversion schemes could provide more cost-effective sustainable 
process. For example, a 2.5 fold reduction in enzyme loadings was observed 
during SSF by Tm. saccharolyticum conducted at 50°C compared to SSF 
conducted by Saccharomyces cerevisae at 37°C at equivalent loadings (Shaw et 
al., 2008). 
6) The development of a biofuel production process with mild or no pretreatment is 
always taken in account which is evidenced by the development of genetically 
modified less recalcitrant plants, such as switchgrass (Bartley et al., 2014). Very 
few cultivated microorganisms known so far possess the ability to perform 
“direct microbial conversion” of biomass, however anaerobes persisting at high 
growth temperature are one such candidate. In the past few years a number of 
valuable studies have been conducted to evaluate the digestibility of UT biomass 
either by thermophilic anaerobes itself or by the enzymes derived from them 
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(Basen et al., 2014; Brunecky et al., 2013; Chung et al., 2014; Kanafusa-Shinkai 
et al., 2013; Kataeva et al., 2013; Vaithanomsat et al., 2013). This can 
circumvent the 20% additional cost of pretreatment during biomass processing. 
7) The enzyme machinery of thermophilic and extremely thermophilic anaerobic 
bacteria is unique and highly efficient in many aspects compared to the 
conventional fungal enzymes (Brunecky et al., 2013; Kanafusa-Shinkai et al., 
2013; Resch et al., 2013; Waeonukul et al., 2012; Xu et al., 2016).  
8) Thermophilic anaerobes are most suitable for large scale application as the 
organisms which cannot grow below 40°C are generally not regarded as 
pathogenic therefore special precaution during downstream processing and 
cultivation will not be required (Wiegel et al., 1985). 
Although thermophilic anaerobes are advantageous, their commercial scale 
cultivation remains a challenge. Lower ethanol yield and productivity are major 
disadvantage associated with these organisms (Blumer-Schuette, 2014; Scully & 
Orlygsson, 2015; Taylor et al., 2009). There are two main reasons for lower yield; (i) 
thermophilic anaerobic bacteria are heterofermentative and undergo mixed acid 
fermentation (Wiegel, 1980). Thus, production of ethanol is always accompanied by 
the formation of other products such as acetate, lactate, butyric acid, propanol etc. 
and (ii) most thermophiles with solvent production ability are highly sensitive to 
increasing substrate concentration. A high substrate concentration results in 
fermentation inhibition thus lower yield (Argyros et al., 2011; Lin & Xu, 2013).  
However, even with these limitations, the potential of these microbes cannot 
be neglected. In recent years, efforts in optimizing media for different thermophilic 
anaerobes and advancement in molecular biology techniques have paved the way to 
achieve improved performance in future. 
1.6.1  Habit and Habitat 
More than 300 species of thermophilic anaerobes belongs to 51 families have 
been described so far (Wagner & Wiegel, 2008). Most of the thermophilic anaerobes 
can colonize a diversity of natural environment (including terrestrial hot springs, 
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deep-sea hydrothermal vents, geothermally heated oil reservoirs, river and lake 
sediments and even normal soils) and man-made environments (such as self-heated 
biocompost, slag heaps and industrial water heaters) (Canganella & Wiegel, 2014; 
Wagner & Wiegel, 2008). Oil & petroleum reservoirs, mines, and geothermal 
aquifers are some of subsurface environments where such organisms exist. Their 
widespread availability is due to the fact that cellulose degradation is an exothermic 
reaction and under natural environment the degradation of cellulose by other 
cellulolytic organism produces heat within the cellulosic material that dissipates 
oxygen and creates reduced environment favourable for the growth and propagation 
of thermophilic anaerobic bacteria (Canganella & Wiegel, 2014).   
1.6.2  Morphology and physiology 
Thermophilic anaerobic bacteria presented peculiar morphological forms and 
varying doubling time (Canganella & Wiegel, 2014). On the basis of oxygen 
relationships thermophilic anaerobes may be obligatory anaerobe or facultative 
anaerobe (Wagner & Wiegel, 2008). Interestingly, obligatory thermoanaerobes can 
survive in the presence of oxygen only when they are in their dormant stage. For 
aerobic organisms oxygen serves as the terminal electron acceptor while obligatory 
thermoanaerobes are unable to use oxygen and instead gain energy by fermentation. 








 etc. can serve as 
terminal electron acceptors (Amend & Shock, 2001; Slobodkin, 2005). In anaerobic 
bacteria ATP production takes place by substrate level phosphorylation (Taylor et 
al., 2009).  
Thermophiles are “heat loving” organisms and depending upon the optimum 
growth temperature (Topt) thermophilic anaerobic bacteria and archaea have been 
categorized into 3 groups; moderate thermophile [Topt 50-64°C], extreme 
thermophile [Topt 65-79°C] and hyperthermophile [Topt ≥80°C] (Wagner & Wiegel, 
2008).  Similar to temperature, thermophilic anaerobes with wide pH ranges were 
also discovered. Majority of isolated thermophilic anaerobic bacteria are neutrophilic 
(pHopt 7) in nature and few are alkalitolerant (pHmax >8.5) or alkaliphilic (pHmax ≥ 
8.5).  
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Most thermophilic and extremely thermophilic anaerobes follow 
chemoorganoheterotrophic mode of nutrition (utilizing organic compounds as carbon 
and energy source) and are metabolically diverse (Canganella & Wiegel, 2014; 
Wagner & Wiegel, 2008). On the basis of substrate utilized they can follow 
glycolytic, cellulolytic, hemicellulolytic, lipolytic, and proteo or peptidolytic 
metabolism (Wagner & Wiegel, 2008). Fermentative thermophilic anaerobic bacteria 
utilizes Embden-Meyerhof Parnas Pathway (EMP) and Pentose Phosphate Pathway 
(PP) for utilizing glucose to produce two moles of pyruvate (Canganella & Wiegel, 
2014). Under anaerobic condition pyruvate undergoes a reduction reaction and 
converted to various products like lactic acid, acetic acid, ethanol, butyrate, CO2 and 
H2 and some minor fermentation products like propionate, propanol and butanol 
(Wagner & Wiegel, 2008). 
 Due to diverse metabolism thermophilic anaerobic bacteria have broad 
substrate spectrum and thus studied intensely for biofuel production from natural 
substrates. Their diverse metabolism also involves many unusual thermostable 
enzymes, giving these organisms industrial importance (Blumer-Schuette et al., 
2014; Chang & Yao, 2011; Taylor et al., 2009; Turner et al., 2007).  
1.6.3  Isolation and Identification 
Mostly the sampling sites of thermophilic anaerobes are inaccessible due to 
harsh and extreme conditions, posing difficulty in their isolation. However, both 
culture dependent and independent studies of various thermophilic environments 
have been performed for measuring diversity of thermophilic anaerobic bacteria 
(Wagner & Wiegel, 2008). Apart from this, isolation of natural consortium of high 
temperature anaerobes is also suggested as a promising approach for the single step 
production of ethanol from LCB (Brethauer & Studer, 2014).  The reason may be 
under extreme environment these organism lives in synergy. 
Thermophilic anaerobic bacteria are highly sensitive to oxygen and therefore 
a pre-reduced media is required for their growth and cultivation (Canganella & 
Wiegel, 2014; Strobel, 2009). Hungate technique is recommended for handling such 
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organisms (Hungate, 1969). Briefly complete anaerobiosis is maintained during 
inoculation, culture transfer and incubation. Thermophilic anaerobic bacteria can be 
cultured on a variety of carbon sources due to their wide substrate utilization range 
(Taylor et al., 2009). For purification purpose hungate roll tube technique of culture 
purification is performed. The incubation temperature for thermophiles is high at 
which agar loses its gelling property therefore use of Gelrite, silica gel etc. is 
recommended (Bosma et al., 2015). The nutritional requirements of most of the 
thermophilic anaerobic bacteria included carbon, nitrogen, phosphorus and sulfur 
source along with trace metal cocktail and vitamin mixture. In addition to this, 
resazurine (an oxygen indicator) and proper reducing agent are required to ensure 
adequate redox potential of the growth medium (Börner, 2016; Strobel, 2009).  Some 
cellulolytic thermophilic anaerobes have additional requirements e.g., peptones and 
yeast extract etc. (Holwerda et al., 2012). However, addition of costly media 
component is usually not recommended considering cost-effectiveness of an 
industrial process.  
Usually, both high temperature and anaerobic condition does not allow 
contaminants to grow (Lin & Xu, 2013; Turner et al., 2007). However, heat stable 
spores producing thermophiles and methanogens are possible contaminant which can 
be remove by extending the medium sterilization time (121°C for 40 min). The pure 
culture of thermophilic anaerobic bacteria is identified by a polyphasic approach 
which involves examination of phenotypic, genotypic and phylogenetic properties 
(Canganella & Wiegel, 2014). The phenotypic properties usually include oxygen 
dependency, temperature growth range (Topt, Tmin and Tmax), pH range (acidophilic, 
alkaliphilic or neutrophilic) and metabolic properties defining their substrate 
spectrum. These are also known as marginal set or group defining properties. 
Genotypic properties include G+C content of the genomic DNA and DNA-DNA 
relatedness with other described strains. Phylogenetic analysis is done by 16S rRNA 
gene sequencing however, whole genome sequencing is becoming more common to 
identify isolate with uncommon characteristics. Apart from this, other properties like 
salt tolerance and ethanol tolerance can be studied as some thermophilic anaerobes 
undergoes unique physiological adaptation (Wagner & Wiegel, 2008).  
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1.6.4  Ethanol production pathway in thermophilic anaerobic bacteria 
The ethanol fermentation pathway in thermophiles is much more complicated 
with respect to redox balance and involved multiple fermentation branches (Olson et 
al., 2015). Previous studies suggested that, thermophilic anaerobic bacteria shows 
different mechanisms for the uptake of sugars (Carere et al., 2008). Almost all the 
reported thermophilic anaerobic bacteria utilizes EMP pathway to metabolize C6 
while C5 sugars are metabolized by PP pathway (Chang & Yao, 2011). 
Thermophilic anaerobic bacteria lack Entner–Doudoroff pathway (ED) and hence 
cannot convert pyruvate to ethanol directly as seen in case of Saccharomyces 
cerevisae and Zymomonas mobilis (responsible for higher ethanol yield, as ethanol is 
the sole end product) (Zhou et al., 2013). Instead thermophilic anaerobic bacteria 
poses Acetyl-CoA as an intermediate for the production of ethanol from pyruvate 
(Chang & Yao, 2011).  
In thermophilic anaerobic bacteria a non-oxidative PP pathway leads to the 
production of ribose 5 phosphate and NADPH which undergoes a rearrangement step 
and then enters in the EMP pathway again. Pyruvate is then catabolized to different 
end products like ethanol, acetate, lactate, formate and CO2 (common end products 
produced by known thermophilic anaerobes).  However, formation of side products 
depends upon the presence of relevant enzyme in that organism (Carere et al., 2008; 





NADH, NADPH, Acetyl-CoA, HS-CoA, AMP, ADP, ATP, and PPi, decides the fate 
of pyruvate which can be catabolized by one of the four pathways; pyruvate 
decarboxylase (PDC), pyruvate dehydrogenase (PDH), pyruvate formate lyase 
(PFL), and pyruvate ferredoxin oxidoreductase (PFOR) (Olson et al., 2015). PDC 
mode follows non-oxidative decrboxylation and not much common in thermophiles 
compared to other modes of fermentation. Most thermophilic anaerobic bacteria 
follows PFOR mode for ethanol fermentation, however Caldicellulosiruptor bescii is 
an exception which follows PDH mode. 
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1.6.5  Enzyme system of thermophilic anaerobic bacteria 
Thermophilic anaerobic bacteria are eco-rich with lignocellulose related 
catalytic and carbohydrate binding modules (CBM), possibly to compete with other 
cellulolytic organisms for survival or to act synergistically with them (Koeck et al., 
2014). The increasing availability of genome sequence of most thermophilic and 
extremely thermophilic anaerobic bacteria revealed the deployment of different 
strategies for biomass degradation by them which include both free and/or cell bound 
enzymes (Bayer et al., 2013). These different strategies can be comprehensively 
grouped into four different schemes, namely; ‘free enzyme system’, ‘cell anchored 
enzymes’, ‘complex cellulosome system’ and ‘multifunctional multimodular enzyme 
system’ (Blumer-Schuette et al., 2014; Himmel et al., 2010).   
Nevertheless, it is perceived that the distinction of these strategies into 
different schemes cannot be rigidly enforced, as the same anaerobe may employ 
more than one scheme of biomass degradation depending upon the dynamics of 
growth condition and also the same enzyme component may exist either in cell 
anchored form or free extracellular form or both. This adds further complexity in the 
understanding of enzyme system of thermophilic anaerobes.  
Scheme 1: Free enzymes system of thermophilic anaerobic bacteria 
The free enzymes system represents the least complicated enzymatic 
machinery produced by thermophilic anaerobic bacteria and as the name suggests, 
such enzymes can perform their catalytic action in an independent manner 
irrespective of the presence of other enzymes (Himmel et al., 2010). In their simplest 
form, such enzymes usually consist of one catalytic module that is responsible for 
the hydrolytic action and a substrate targeting CBM at amino or carboxy terminus of 
the polypeptide chain while some free enzymes without CBM have also been 
reported (Bayer et al., 2013). Beside these modules, free enzymes of some 
thermophilic anaerobes may contain additional type of ancillary modules or 
repeating unit of the same module, imparting little complexity in their structural and 
functional role (Su et al., 2012). C. stercorarium (Madden, 1983), a moderately 
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thermophilic, hemicellulolytic anaerobic bacterium is the model organism 
representing predominant free enzyme system among known thermophilic anaerobic 
bacteria.  
Scheme 2: Multifunctional megazymes 
In general, multifunctional megazymes are composed of at least two distinct 
catalytic modules and varying number of CBMs in one large gene cluster, hence are 
of very high molecular weight and represent an important characteristic feature of 
extremely thermophilic anaerobic bacteria particularly (Blumer-Schuette et al., 
2008). The possible reason for the presence of multiple copies of similar or distinct 
CBMs within same enzyme is to provide efficient substrate binding and 
thermostability to the overall structure to work under such extreme environment 
(Blumer-Schuette et al., 2014). Many of these multimodular enzymes are 
“bifunctional” in nature and reported to possess combination of distinct glycoside 
hydrolases that ascribed such enzymes to perform combined targeted action on 
different component of lignocellulose altogether (Bayer et al., 2013). The 
multimodular cell free cellulase of Caldicellulosiruptor bescii displayed 2.4-2.7 fold 
higher hydrolytic activity on avicel and ~2 fold higher hydrolytic activities on native 
RSB and Timothy grass than the extracellular cellulase system of Trichoderma 
reesei, mainly due to inter-molecular synergy attributed by its modular organization 
(Kanafusa-Shinkai et al., 2013).   
Scheme 3: Cellulosome complex system 
Cellulosome are discrete high molecular weight, multienzyme complexes 
secreted by some anaerobic bacteria and fungi. Cellulosomes contained several 
glycoside hydrolases (GH) to perform efficient degradation of lignocellulosic 
substrates (Bayer et al., 2004; Himmel et al., 2010). First cellulosome was 
discovered in a moderate thermophilic bacterium C. thermocellum (Akinosho et al., 
2014).  
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B. Cell free cellulosome 
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Figure 1.4 Cellulosome complex of C. thermocellum, Figure adapted from (Q. Xu et al., 
2016) 
In general, this large complex is composed of two main components; the non-
catalytic scaffoldin part (the macromolecular, non-enzymatic subunits carrying 
various cohesin modules and primarily involved in the assembly of different 
enzymes) and dockerin bearing enzymatic part involving specific cohesin-dockerin 
interactions that give rise to the assembly and structural organization of cellulosome 
(Bayer et al., 2004).  
Interestingly, in the bacterial kingdom cellulosomal enzymes are limited to 
mesophilic and moderately thermophilic anaerobic bacteria having growth Topt 
below 60°C and are not reported in extreme thermophiles (Blumer-Schuette et al., 
2014). Among the different cellulosome producing organisms; C. thermocellum and 
C. clariflavum are the only cellulosome producers capable of performing cellulose 
degradation at higher temperatures. A recent study demonstrated that the whole 
cellulosome assembly of C. thermocellum can perform the catalytic action in both 
cell-free and cell-bound form determined by the presence of both primary and 
secondary scaffoldin (Xu et al., 2016). Figure 1.4 illustrates a simplified model of C. 
thermocellum cellulosome in both cell-free and cell-bound forms. 
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Apart from the multimodular system, several reports based on digestibility 
performance of multienzyme complex cellulosomal system on crystalline cellulose 
and other PT biomasses are available. A combination of purified cellulosome 
isolated from C. thermocellum strain S14 and thermostable β-glucosidase from T. 
brockii is reported to achieve ~91% glucan conversion from ammonia treated RSB 
that was similar to commercial Celluclast and Novozym-188 combination but at 
nearly 10 times lower enzyme loading and represented an efficient substitute of 
fungal cellulases (Waeonukul et al., 2012). Later, Resch and his group reported that 
the cell free cellulosome of C. thermocellum can achieve 100% glucan conversion of 
avicel in 100 h compared to 50% conversion by commercial enzyme preparation 
Cellic CTec2 (Novozymes) at equal enzyme loading. These results also suggested 
the mechanistic variability among the two systems (Resch et al., 2013).  
Recently, the effective role and mode of action of “Exoproteome” (a 
combination of cell bound cellulosome, cell free cellulosome and free enzymes), 
produced by C. thermocellum and its derived mutant (lacking primary and/or 
secondary scaffoldin), was elucidated on a range of substrates including avicel, xylan 
and deacetylated and subsequently dilute-acid PT corn stover [DACS] at equivalent 
enzyme loading. Nearly 100% glucan conversion on avicel was seen while around 
80% glucan and 90% xylan conversion on DACS was achieved by parent strain in 
120 h (Xu et al., 2016). Another advantageous feature of these enzymes, in addition 
to their unique structural organisation is their thermostable nature. Further, these 
thermostable enzymes often displayed high acid/ alkali tolerance, thus they may be 
expected to manage the environmental variation that is usually encountered in a 
biorefinery.  
Scheme 4: Cell anchored enzyme system 
In some thermophilic anaerobic bacteria, enzymes remain non-covalently 
attached to the bacterial cell surface through SLH either as modular proteins or in the 
form of multienzyme complex and represents another scheme of efficient plant 
polysaccharides utilization (Conway et al., 2016). In nature the primary role of SLH 
is to act as a scaffold to display enzymes on the cell surface and device disruption 
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and uptake of non-transportable nutrients thereby reducing competition of bacterium 
with other organisms for survival (Fagan & Fairweather, 2014). 
Multimodular glycoside hydrolases containing one or more copies of such 
SLH modules have been reported in different genera of thermophilic and extremely 
thermophilic anaerobic bacteria including Clostridium, Caldicellulosiruptor, 
Caldanaerobius and Thermoanaerobacterium (Conway et al., 2016). A recent study 
involving a combination of genomics, proteomics and X-ray crystallography analysis 
of seven Caldicellulosiruptor species, suggested the presence of significantly large 
and structurally unique class of protein termed as ‘Tapirins’ that binds to cellulose 
and helps in attachment of enzymes to substrate (Blumer-Schuette et al., 2015). The 
discovery of Tapirins in this genus has initiated the foundation of new scheme of 
plant biomass deconstruction employed by extremely thermophilic anaerobic 
bacteria. 
1.6.6  Candidate thermophilic anaerobic bacteria for CBP  
The growing interest in making effective use of thermophilic and extremely 
thermophilic anaerobic bacteria, either as live cell factories or as a source of 
potential enzymes for biofuel production, is an emerging trend to achieve process 
benefits of elevated temperature saccharification (Akinosho et al., 2014; Brunecky et 
al., 2013; Chung et al., 2014; Lynd et al., 2016; Resch et al., 2013). Due to their 
highly efficient enzyme system thermophile belonging to the genera Clostridium and 
Caldicellulosiruptor has received increased attention to be developed for a CBP 
process via both mutation and genetic engineering approaches. Apart from this, 
xylanolytic members of the genera Thermoanaerobacterium and 
Thermoanaerobacter have also been subjected to development for their application 
in CBP co-culture approach.  
Clostridium thermocellum 
C. thermocellum, a cellulolytic thermophilic anaerobic bacterium common in 
soils, self-heated rotting biomass and hot springs, has been thoroughly investigated 
in the context of its unique cellulosomal system (Akinosho et al., 2014). Due to 
Ethanol production by novel thermophilic anaerobic isolate/s via consolidated bioprocessing 
                                                                                                                          
                                                                                                                   34 
 
maximal catalytic action on crystalline cellulose, C. thermocellum cellulosome has 
attracted significant interest, making it one of the most studied and reviewed 
cellulase enzyme systems by genomic, transcriptomic and metabolic profiling (Bayer 
et al., 2008; Bayer et al., 2013).  
Though the bacterium is equipped with highly efficient cellulolytic 
machinery and performs rapid fermentation of cellulose to ethanol, it suffers from 
some key detriments. WT C. thermocellum strains typically give an ethanol yield of 
10-35% of the theoretical maximum (Olson et al., 2015) and lower ethanol tolerance 
of 0.4-1.6% (v/v) (Lynd et al., 2002), during batch cultivation. In addition to this the 
inability of pentose sugars fermentation by this bacterium leaves hemicelluloses 
portion of the LCB unutilized (Akinosho et al., 2014). Several approaches have been 
applied to develop a high ethanol yielding strain, which includes; (i) targeted 
knockout of genes responsible for by-product (e.g. lactate, acetate and formation) 
(Argyros et al., 2011; Biswas et al., 2014; Papanek et al., 2015; Rydzak et al., 2015; 
Tian et al., 2016) formation and (ii) directed adaptive evolution to increase ethanol 
tolerance (Brown et al., 2011; Shao et al., 2011a). The successful genetic engineering 
approaches resulted in C. thermocellum strain AG553 (hpt, hydG, ldh, pfl, and pta-
ack), which is devoid of all the genes leading to the formation of production other 
than ethanol and an ethanol yield of 63.5% of the theoretical maximum (from 5 g L
-1
 
cellulose) was observed (Papanek et al., 2015). More recently adaptive evolution of 
strain AG553 to achieve high biomass loadings was resulted in an evolved strain 
LL1210 (Tian et al., 2016). With 95% cellulose conversion evolved strain LL1210 
presented an impressive ethanol yield of 22.4 g L
-1
 (75% of the theoretical 
maximum) from 60 g L
-1
 initial cellulose loadings. These reports highly recommend 
the future research endeavours for the development of C. thermocellum as a potential 
CBP candidate.  
Caldicellulosiruptor sp. 
Extremely thermophilic anaerobic bacteria belonging to the genus 
Caldicellulosiruptor have been isolated from various locations globally and 
completed genomes sequences of twelve species have now become available 
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(Zurawski et al., 2015). All the members characterized so far can hydrolyze certain 
component of plant cell wall and possess multifunctional enzymes in multimodular 
organization that ascribed targeted action on different component of lignocellulose 
altogether thus are very important from biofuel production perspective and also 
represents an emerging paradigm for CBP (Vanfossen et al., 2009).  
Caldicellulosiruptor bescii (formerly known as Anaerocellum 
thermophilum), is an extreme thermophile first isolated from the valley of Geysers in 
Russia. It is the most thermophilic cellulolytic bacterium known to date due to its 
ability to grow up to 90°C (Dam et al., 2011). The bacterium Ca. bescii DSM 6725 is 
specifically recognized for its ability to simultaneously solubilize insoluble lignin 
and other plant cell wall polysaccharides as carbon and energy sources (Kataeva et 
al., 2013). In particular, this bacterium displayed growth and utilization of different 
types of UT biomass with low lignin (napier and bermuda) and high lignin 
(switchgrass) contents at 70°C (Yang et al., 2009). Another study highlighted its 
ability to ferment industrially relevant high loads (~200 g L
-1
) of UT switchgrass and 
crystalline cellulose without growth inhibition (Basen et al., 2014). Realizing the 
direct biomass conversion potential, Chung and co-workers developed metabolically 
engineered ethanol producing strains of Ca. bescii, accomplished by the deletion of 
genes involving lactic acid production and heterologous expression of a bifunctional 
acetaldehyde/alcohol dehydrogenase.  This single step ethanol production from UT 
switchgrass at 33% of the maximum theoretical yield, suggested a new paradigm of 
CBP (Chung et al., 2014). In addition to ethanol, one other strain, Ca. 
saccharolyticus studied for its ability to produce hydrogen from switchgrass in single 
step without physicochemical or biological treatment. This may result in ~50% 
reduction in cost due to the elimination of capital and operational cost associated 
with additional steps (Talluri et al., 2013). 
Thermoanaerobacterium saccharolyticum 
Tm. saccharolyticum is an acid tolerant (pH<4.5), thermophilic, obligatory 
anaerobic bacteria having high hemicellulolytic potential and produces ethanol, 
acetate, lactate, H2 and CO2 as the product of xylan fermentation (Liu et al., 1996). 
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Tm. saccharolyticum cannot be regarded as a true CBP candidate since it lacks 
cellulose degradation potential but can become an effective co-culture partner with 
other cellulolytic bacteria (Argyros et al., 2011).  In recent years, due to high 
amenability for genetic engineering key enzymes involved in the catabolic pathway 
of Tm. saccharolyticum has been elucidated and highly effective metabolic 
engineering was performed to achieve homoethanol fermentation by this bacterium. 
Both adaptive evolution and metabolic engineering approaches result in an 
engineered strain ALK2 which achieved an ethanol yield of 33 g L
-1
 (92% of the 
theoretical maximum) (Shaw et al., 2008).  
Thermoanaerobacter mathranii 
T. mathranii is a highly efficient pentose fermenting obligatory anaerobic 
thermophilic bacteria that gives ethanol yields of 62–90% of the theoretical 
maximum from glucose, xylose and mannitol (Georgieva et al., 2008; Larsen et al., 
1997; Shaw et al., 2010; Yao & Mikkelsen, 2010a, Yao & Mikkelsen, 2010b). 
Similar to Tm. saccharolyticum, T. mathranii is not a true CBP candidate but could 
be developed for co-culture approach of CBP. The patented strain of T. mathranii 
strain BG1, is under development by a Danish company Biogasol 
(www.Biogasol.com) for its industrial application in second generation ethanol 
production. Apart from the above mentioned candidates, few other members of the 
genus Thermoanaerobacter such as; T. aotearoense, T. ethanolicus and T. italicus 
are under development both for CBP co-culture approach and for direct fermentation 
of sugar-rich waste stream derived during conventional biomass processing. 
1.6.7  Strategies to improve ethanol production by thermophilic anaerobic 
bacteria 
Despite the increased interest in employing thermophilic and extremely 
thermophilic anaerobic bacteria for industrial production of ethanol, rapid 
advancement in the process to achieve higher ethanol yield and tolerance are 
required. One of the most important considerations for their implementation at an 
industrial scale is to achieve sufficient production level. Therefore, development of a 
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thermophilic recombinant host with desired characteristics became the ultimate 
choice. But due to the lack of genetic tools to deal with such bacteria, genetic 
manipulation efforts are still under progress (Koeck et al., 2014; Lin & Xu, 2013). 
Besides this, the growth and cultivation of anaerobic bacterium requires specific 
complex medium posing an economic challenge (Turner et al., 2007). Efforts to 
achieve improved performance are under development. Some of the approaches 
being tried are as follows: 
1.6.7.1  Co-culture approach 
In nature microbes with different characteristics live in close association and 
exhibit highly symbiotic relationship to benefit each other, termed a microbial 
consortium. These consortiums often provide the opportunity to perform a complex 
task which is not possible by the individual organisms alone. The application of a co-
culture of cellulolytic, hemicellulolytic and ethanologenic thermophilic anaerobic 
bacteria is a potential CBP approach for the production of cellulosic ethanol from 
LCB in single step (Akinosho et al., 2014; Blumer-Schuette et al., 2014). Co-culture 
offers benefits over mono-culture such as increased rate of substrate utilization, 
higher product formation, efficient sugar consumption, shortened lag time of 
fermentation and possible reduction of substrate inhibition (Xu & Tschirner, 2014).  
Tripathi et al., have suggested the possible reason may be the secretion of 
some undetected metabolites by one organism and its utilization by the next partner, 
which will convert it into some product (Tripathi et al., 2010). One aspect of co-
culture application is sequential culture in which two organisms with completely 
different growth requirement can be applied (Wen et al., 2014). A successful co-
culture requires optimization of growth conditions so that both strains become 
compatible for one pot cultivation (Blumer-Schuette et al., 2014). Table 1.1 
represents co-culture of thermophilic and extremely thermophilic anaerobic bacteria 
used as CBP system for ethanol production from lignocellulose related substrates. 
The highest reported ethanol yield so far by a thermophilic anaerobic system is 38.1 
g L
-1
 from 92 g L
-1
 avicel by a genetically engineered co-culture of C. thermocellum 
and Tm. saccharolyticum (Argyros et al., 2011). 
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1.37 (Xu & Tschirner, 2014) 
     C. Clostridium; T. Thermoanaerobacter; Tm. Thermoanaerobacterium  
1.6.7.2  Yield improvement by immobilization 
Immobilization of thermophilic anaerobic bacteria in a continuous system is a 
very promising approach to achieve high ethanol yield (Xu & Tschirner, 2014). 
Immobilization offers recycling of microbes which is cost advantageous as well as 
cell immobilization entrapped them in a polymer or porous surface which protects 
them from pretreatment inhibitors. There are very few reports of immobilization of 
thermophilic and extremely thermophilic anaerobic bacteria are available (Georgieva 
et al., 2008; Sittijunda et al., 2013; Xu & Tschirner, 2014). Xu et al., have applied 
encapsulation of thermophilic co-culture for single step ethanol production at 57°C 
with sodium alginate as immobilization matrix (Xu & Tschirner, 2014). The 
immobilized co-culture showed significant increase in ethanol yield from 1.36 g L
-1
 
to 4.67 g L
-1
 on glucose and 3.81 g L
-1
 to 4.67 g L
-1
 on avicel. The immobilization of 
Thermoanaerobacter BG1L1 on a fluidized bed reactor resulted in sugar to ethanol 
conversion efficiency of 68-78 % with an ethanol yield of 0.39-0.42 g/g during a 
continuous operation of 143 days at 70°C without contamination using undetoxified 
wheat straw was as a substrate (Georgieva et al., 2008). In another study, T. 
pantosaceus was successfully immobilized in an up-flow anaerobic sludge blanket 
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(UASB) reactor with glucose and xylose as substrate and ethanol production was 
improved by 11% with a yield of 0.44 g/g in 24 h (Sittijunda et al., 2013). 
Immobilization studies so far suggest that it can improve pH tolerance, ethanol 
tolerance and can offer high substrate loading. Further advances can make 
immobilization a choice process for continuous thermophilic ethanol production. 
1.6.7.3   Metabolic engineering approach 
The selection and screening of thermophilic and extremely thermophilic 
anaerobic bacteria has provided a foundation for the development of industrially 
relevant CBP organisms but efforts are needed for targeted development that will 
enable homoethanologenic fermentation of LCB to fuel ethanol at desired yield 
(Koeck et al., 2014; Olson et al., 2012). The development needs advancement in 
genetic tools that enable both introduction of exogenous DNA and targeted 
elimination of genes leading to the formation of products other than ethanol 
(Podkaminer et al., 2012; Schuster & Chinn, 2013; Taylor et al., 2009). Although 
genetic engineering of thermophiles is still in infancy and difficulties arises due to 
their unique physiological and genetic features such as; low G+C content, need for 
thermostable markers and plasmids for transformation, need of anaerobic conditions, 
lack of proper medium for solidification at high temperature and limitation of 
protocols for final selection of strains (Akinosho et al., 2014; Frock & Kelly, 2012; 
Lin & Xu, 2013; Taylor et al., 2009). Nonetheless, in recent years the increasing 
availability of genome sequences of different thermophilic anaerobic bacteria and the 
development of omics’ based technology has provided new insight on the microbial 
metabolism of thermophilic anaerobes that had been isolated decades ago (Olson et 
al., 2015). Current strategies involved in the genetic engineering of model 
thermophilic anaerobic bacteria are presented in Table 1.2.  However, these progress 
are encouraging, the metabolic engineering at high temperature and use of these 
microorganisms as a recombinant host for biotechnological application is still not 
achieved. 
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Table 1.2 Ethanol yield by genetically engineered thermophilic anaerobic bacteria  







C. thermocellum M0971 
[∆pyrF, ∆pta::gapDHp-cat] 
Elimination of acetate production 0.8 
 
Cellobiose 5  (Tripathi et al., 2010) 
C. thermocellum M1570 
[∆hpt, ∆ldh, ∆pta] 
Elimination of lactate and acetate 
production 
5.6  Cellulose 19.5  (Argyros et al., 2011) 
C. thermocellum LL1210 evolved 
[Δhpt ΔhydG Δldh Δpfl Δpta-ack] 
Elimination of lactate and acetate 
production 
22.4  Cellulose 60  (Tian et al., 2016) 
Ca. bescii JWCB032 
[∆ldh, adhE overexpression] 
Eliminate lactate production 0.7  Cellobiose 10  (Chung et al., 2014) 
Tm. saccharolyticum TD1 
[∆ldh] 
Eliminate lactate production 1.8  Xylose 5  (Desai et al., 2004) 
Tm. saccharolyticum ALK2 evolved 
[∆ldh, ∆pta, ∆ack] 
Elimination of lactate and acetate 
production 
33  Xylose 70  (Shaw et al., 2008) 
Tm. saccharolyticum M0355 
[∆ldh, ∆pta, ∆ack] 
Elimination of lactate and acetate 
production 
25.3  Cellobiose 50  (Shaw et al., 2011) 
Tm. saccharolyticum M1051 
[∆ldh, ∆pta, ∆ack,expressing ureABCDEFG 
at ldh locus] 
Elimination of lactate and acetate 
production, urea utilization 
54  Cellobiose (Shaw et al., 2012) 
T. mathranii BG1G1 
[Δldh, PxylGldA] 
Elimination of lactate production, 
heterologous expression of glycerol 
dehydrogenase 
7.35  Xylose 5 and 
glycerol 2.5  
(Yao & Mikkelsen, 2010b) 
T. mathranii BG1E1 
[Δldh, adhEupregulated] 
Elimination of lactate production,  
Overexpressions of AdhE 
0.49*  Xylose (Yao & Mikkelsen, 2010a) 
*Yield presented in g/g.  
C. Clostridium; T. Thermoanaerobacter; Tm. Thermoanaerobacterium; Ca. Caldicellulosiruptor 
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1.6.7.4  Improvement by evolutionary adaptation 
WT lignocellulose fermenting thermophilic anaerobes show lower ethanol 
tolerance of 1-2% (v/v), which is the major roadblock in their industrial application. 
For an economical conventional distillery process ethanol concentration is required 
to be above 5% (v/v) (Burdette et al., 2002). Adaptation is a classical and a very 
prominent approach to improve ethanol yield and tolerance of thermophilic 
anaerobic bacteria. Adaptation becomes more useful for newly discovered 
thermophilic anaerobes lacking genetic tools (Biswas et al., 2014). There are 
different adaptations strategies and their phenotypic effects have been discussed for 
some thermophilic anaerobic bacteria that are summarized in Table 1.3.  
One of the most observed phenotypic changes include decrease in 
temperature optima with increasing ethanol tolerance (Georgieva et al., 2007; Kundu 
et al., 1983; Mazzoli, 2012).  A developed C. thermocellum strain is reported to 
tolerate ethanol concentration of 50 g L
-1
, reflecting the usefulness of these 
approaches (Brown et al., 2011; Shao et al., 2011a).   
1.6.7.5  Isolation of novel thermoanaerobes 
Apart from the above mentioned approaches finding new microorganism with 
all the desired traits from extreme environment is also an important approach. 
Isolation of thermophilic anaerobe is little difficult mostly due to the harsh and 
inaccessible environment, maintenance of obligate anaerobic condition and then 
cultivating them in laboratory settings (Wagner & Wiegel, 2008). However, previous 
efforts in this field led to the development of many techniques through which 
isolation and cultivation of anaerobic bacteria at high temperature is easier (Strobel, 
2009). Naturally highly efficient cellulolytic and fermenting strain or consortium 
would be more stable than genetically engineered strains. The study of new strains 
for CBP is challenging but potentially rewarding. 
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Table 1.3 Ethanol tolerance of some thermophilic anaerobic bacteria 
 






C. thermocellum ATCC 
27405 
UV mutagenesis and 
sequential transfer in 
increasing ethanol 
concentration 
40  (Tailliez et al., 1989) 
C. thermocellum ATCC 
27405 
Sequential transfer in 
increasing ethanol 
concentration 
50  (Timmons et al., 2009) 
C. thermocellum SS21 and 
SS22 
Sequential transfer in 
increasing ethanol 
concentration 
32-40  (Rani & Seenayya, 
1999) 
C. thermocellum ATCC 
27405 
Sequential transfer alternating 
between zero and increasing 
ethanol concentration 
50  (Shao et al., 2011a) 
C. thermocellum DSM 
1313 [adhE*∆ldh] 
Sequential transfer in 
increasing ethanol 
concentration 
5% (v/v) (Biswas et al., 2014) 
T. mathranii BG1L1 Immobilized continuous 
reactor 
8% (v/v) (Georgieva et al., 
2007) 
T. ethanolicus 39E-H8 Chemical mutagenesis 8% (v/v) (Burdette et al., 2002) 
   C. Clostridium; T. Thermoanaerobacter; Tm. Thermoanaerobacterium 
1.7  Challenges in commercialization of CBP ethanol production 
CBP is not a mature technology like conventional bioprocessing and is still 
under development. But realizing the potential of this highly integrated process a few 
companies have adapted this technology for commercial scale production of 
cellulosic ethanol (Salehi Jouzani & Taherzadeh, 2015; Schuster & Chinn, 2013). 
Qteros was the first startup based on CBP technology with a mesophilic anaerobic 
bacterium C. phytofermentans (trademarked as ‘Q microbe’) which is their 
proprietary strain (http://www.qteros.com/). The target was to achieve a fuel cost of 
1 dollar/gallon of ethanol. The company has also joined a commercial agreement 
with Praj Industries, India in 2011 (Eco-Business, 2011). Despite significant 
advancement in technology, the company had to close its demonstration facility in 
early 2012 due to financial problems (Freeman, 2012). Mascoma, a USA based 
company established in 2005, can be called as a “proof of CBP concept” 
(http://www.mascoma.com/). Mascoma’s platform is an engineered Saccharomyces 
cerevisae strain (with heterologous expression of termite cellulases genes) and two 
engineered thermophilic anaerobic bacteria Tm. saccharolyticum and C. 
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thermocellum. Recently BluCon® E, DIREVO Industrial Biotechnology GmbH - A 
Company based on novel CBP approach to low-cost lignocellulose fuel ethanol 
production at 70°C by utilizing extremely thermophilic anaerobic bacteria. The cost 
price target is 2 dollar/gallon ethanol. The company has filed 12 patent strains out of 
which 7 are proprietary Caldicellulosiruptor strains and 8 are Thermoanaerobacter 
strains (http://www.direvo.com/). DEINOVE (http://deinove.com/en), a cleantech 
company has signed a collaboration agreement with ABENGOA, one of the world’s 
leading ethanol producers, with the support of Bpifrance. The agreement was to 
focus for 36 months on the use of DEINOVE’s Deinococcus bacteria for CBP to 
convert agricultural residues to ethanol at a competitive cost (Deinove, 2014). A few 
companies have also started commercialization of potential sugar fermenting 
thermophilic anaerobic bacteria to pursue ethanol production. One such company is 
Estibio's complemented by its sister company BioGasol ApS, founded in 2012 to 
commercialize its first and second generation ethanol production technology 
(http://www.estibio.com/). The key of the technology is a proprietary “Pentocrobe” 
microbe (a genetically engineered thermophilic anaerobic bacteria; T. italicus) 
having co-sugar fermentation ability at 70°C (http://www.estibio.com/products).  
The ongoing efforts and past success indicates that CBP based biorefineries will be a 
reality in near future. Although for companies utilizing or attempting to utilize CBP 
technology, the major challenge would be to achieve maximum optimized condition 
in a single fermentor and faster processing time. 
1.8  Objective of the thesis 
The research carried out in this thesis investigates the use of thermophilic and 
extremely thermophilic anaerobic bacteria for single step production of ethanol. This 
has been carried out by screening novel lignocellulose fermenting and ethanol 
producing thermophilic anaerobic bacteria from Indian diversity as a first step in 
their application to ethanol production. Optimization of fermentation conditions for 
enhanced growth and lignocellulose degradation is the second important step for the 
economic production of ethanol by the new isolates. This thesis focuses on the 
following areas: 
Ethanol production by novel thermophilic anaerobic isolate/s via consolidated bioprocessing 
                                                                                                                          
                                                                                                                   44 
 
Chapter 2 describes the selective enrichment and isolation strategy for the 
purification of novel lignocellulose fermenting thermophilic anaerobic bacteria 
strains from Indian biodiversity. Samples were collected from Puga and Chumathang 
hot spring sites, situated near the north western region of Himalayan and a self-
heated compost pile, in Lucknow, India. The fermentation performance of 
thermophilic anaerobic bacteria isolated from different sites was compared using 
statistical tools to find significance of differences in their metabolic profile. The 
selected strains were optimized for their growth conditions and were able to utilize 
different carbon sources effectively with ethanol as the major fermentation end 
products, potentially useful for biofuel.    
Chapter 3 describes the selection of strain Clostridium sp. DBT-IOC-C19, 
for single step ethanol production based on the screening procedure described in 
Chapter 2. This chapter also describes the optimization of fermentation performance 
of the strain with respect to varying operational parameters such as variation in pH, 
temperature, initial cellulose concentration and ethanol concentrations. The 
fermentation performance of strain DBT-IOC-C19 on various lignocellulose derived 
substrates was compared with model CBP candidate, C. thermocellum DSM 1313. 
Chapter 4 describes the direct fermentation of sugars derived from 
hemicellulose rich waste stream, without the need for detoxification, and production 
of high levels of ethanol from these sugars by a newly isolated co-sugar fermenting 
strain Thermoanaerobacter sp. DBT-IOC-X2, obtained through the selective 
screening procedure described in Chapter 2. The impact of different growth 
conditions, including variation in pH, temperature, inhibitors (acetic acid, 2-furfural 
and 5-HMF) and ethanol concentrations, were studied in order to maximize ethanolic 
fermentation performance. A comparative evaluation of C6 and C5 sugar 
fermentation potential of the strain DBT-IOC-X2 with a model sugar fermenting 
thermophilic anaerobe, T. ethanolicus DSM 2246, was performed. 
Chapter 5 describes simultaneous ethanol and hydrogen production by strain 
Clostridium sp. DBT-IOC-DC21, purified by the procedure described in Chapter 2. 
The impact of different growth conditions on the ethanol yield was studied. The 
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predominantly hemicellulose fermenting strain presented its CBP potential by 
fermenting UT-RSB directly. The optimal liquid to headspace ratio was adjusted to 
optimize ethanol fermentation of hemicellulose.  
Chapter 6 describes the improved fermentation performance on variety of 
lignocellulosic substrates by the co-culturing of selected bacteria described in 
Chapter 3, 4 and 5. In this chapter, the positive impact of co-culturing was evaluated 
to solve the purpose of CBP. The synergistic performance of novel in-house isolates 
for a CBP-based process is described in detail. 
Chapter 7 describes the ethanol production potential of a model CBP 
candidate organism C. thermocellum ATCC 31924, under the experimental 
conditions described in this study. The model CBP candidate was evaluated for its 
enzymatic characteristics (cellulosome purification) and growth characteristics under 
different conditions (including effect of pH, temperature, vitamins, yeast extract, 
varying substrate and product concentrations). This strain was also evaluated for its 
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2.1  Introduction 
Thermophilic ethanologenic microorganisms that are capable of direct 
fermentation of various lignocellulosic substrates into fuels and chemicals are of 
industrial importance (Blumer-Schuette et al., 2008; Demain et al., 2005; Vanfossen 
et al., 2008; Wiegel, 1980). Considering this, a broad screening of diverse 
environment for thermophilic anaerobic bacteria may have great significance in 
identifying novel strains with efficient lignocellulose degradation ability. Further, 
such screening could also strengthen the viability of CBP approach and other 
biotechnological applications involving the use of thermophiles. 
Thermophilic anaerobic bacteria are ubiquitous in nature and covered almost 
every known phylum of bacteria and archaea (Canganella & Wiegel, 2014; Mehta & 
Satyanarayana, 2013; Wagner & Wiegel, 2008). Despite their abundance in natural 
ecosystems, the growth and cultivation of anaerobic bacteria is difficult and requires 
specific complex medium and reduced environment for cultivation (Frock & Kelly, 
2012). Nevertheless, considering their high potential isolation of thermophilic 
anaerobic bacteria had been started from diverse locations, from as early as the 
1920s (Viljoen et al., 1926).  
Researchers are exploring both natural and man-made environments 
worldwide for the isolation of ethanol producing thermophilic anaerobic bacteria. 
Due to temperate climate, the vast Indian diversity can offer an important ecological 
niche for the isolation of different thermophilic anaerobic bacteria. This chapter 
describes the isolation of ethanol producing and high temperature anaerobic strains 
from Indian diversity which can be used for various biotechnological applications 
especially for the direct microbial conversion of LCB to ethanol.  
We found hungate roll tube technique (Hungate, 1969) as the most suitable 
traditional method for isolation and purification of anaerobic bacteria. Roll tube 
preparation using Gelrite or increasing concentration of agar (to sustain medium 
solidification at high incubation temperature) have been reported previously for the 
isolation of several thermophilic and extremely thermophilic anaerobic bacteria 
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(Strobel, 2009). The growth of thermophilic anaerobic bacteria during roll tubing can 
be selected for, based on their ability to metabolise particular portion of 
lignocellulosic substrates such as cellulose, hemicellulose or their constituent part.  
Based on previous isolation reports (Canganella & Wiegel, 2014; Mehta & 
Satyanarayana, 2013; Wagner & Wiegel, 2008), thermal hot springs and compost are 
the two potential sites for the collection of ethanologenic thermophilic anaerobic 
bacteria. Therefore, two thermal hot springs situated at extreme site of Himalayan 
region of India and an old compositing facility available at Northern part of India, 
were chosen for this study. Due to the comparatively utmost location of the selected 
hot spring sites, less interference by human activity was observed and thus a 
preserved natural microbial flora was expected. To the best of our knowledge, this is 
the first study report presenting isolation and characterization of lignocellulose 
fermenting and ethanol producing anaerobic bacteria from a Himalayan hot spring 
site. 
2.2  Materials and Methods 
2.2.1  Reagents and chemicals 
All chemicals used in this study were of analytical grade obtained from 
Sigma-Aldrich, (Bengaluru, KA, India), Himedia (India) and Merck Limited (New 
Delhi, India). For DNA isolation and purification, molecular biology grade 
chemicals were used. The DNeasy Blood & Tissue Kit, QIA quick Gel Extraction 
Kit and Hot Star Taq Master Mix Kit were obtained from Qiagen India Pvt. Ltd., 
(New Delhi, India). All gases used were purchased from Inox air products limited, 
India. 
2.2.2  Location of sampling site 
Hot spring samples containing natural hot water and bacterial mats were 
collected from two different locations namely; Puga thermal hot spring and 
Chumathang hot spring situated at eastern Ladakh region of North West Himalaya, 
Jammu & Kashmir, India, during October 2014. The GPS positions [Puga thermal 
hot spring (N33°13'23”; E 78°19’12”, altitude 4400 m), Chumathang hot spring 
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(N33°21’37.11”; E78°19’24.50”, altitude 3950 m)], temperature (80-82ºC) and pH 
(8-8.5) of these locations were recorded.  
The sampling procedure was same as previously described (Orlygsson & 
Baldursson, 2007). Briefly, hot spring samples were collected using a long stick 
equipped with gripped arm at the end to hold a 125 ml sterile Wheaton glass serum 
bottle (Sigma-Aldrich). The bottles were filled completely with samples and closed 
using gas impermeable blue butyl rubber stopper (Bellco, Meditronix Corporation, 
New Delhi, India) to maintain anaerobic conditions. The bottles were then sealed 
with aluminium crimp seals (Sigma Aldrich, India) using a hand operated crimper 
(Sigma-Aldrich) and transported to the laboratory without temperature control. 
Compost samples were collected from the middle of the compost heap (with 
temperature ranging from 45-60°C) from a municipal solid waste (MSW) dumping 
site, located in Lucknow, Uttar Pradesh, India. The compost material was rich in 
food waste, animal waste, manure and dead plant material. After collection samples 
were sealed immediately in AnaeroBox (Himedia Laboratories, India) to maintain 
anaerobic conditions. 
2.2.3  Substrates 
A cellulosic substrate; Whatman No. 1 filter paper (referred to as filter paper 
hereafter) and hemicellulosic substrate; Xylan, obtained from Sigma Aldrich 
(Bengaluru, KA, India) were used as a carbon source for the selective enrichment of 
cellulolytic and hemicellulolytic bacteria, respectively. Analytical grade D-(+)-
Glucose and D-(+)-Xylose procured from Sigma Aldrich was used for the selective 
enrichment of fermenting anaerobes.  
For subsequent purification and metabolic profiling, same substrate was used 
for both enrichment and purification procedure except for cellulolytic bacteria. A 
powdered cellulosic substrate termed as Avicel PH-101 (Sigma, catalog no. 11365; 
referred to as cellulose hereafter) was used to study metabolic profile of selected 
cellulolytic anaerobic bacteria. However, to obtain clearly visible colonies of 
cellulolytic bacteria ‘Phosphoric-acid-swollen-cellulose’ (PASC) was used as 
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amorphous cellulosic substrate during roll tubing, which was prepared by 
solubilizing cellulose in concentrated phosphoric acid and prepared as described 
previously (St Brice et al., 2014). Briefly, 0.2 g cellulose was mixed with 0.6 ml of 
distilled water followed by drop-wise addition of 10 ml 86.2% phosphoric acid till 
mixture turned transparent. After letting the transparent mixture at 4ºC for 1 h, 40 ml 
distilled water was added slowly to precipitate the cellulose. Then centrifugation was 
performed at 4000 rpm for 30 min at 4ºC to collect pellet containing amorphous 
cellulose preparation. Repeated washing of pellet with distilled water was conducted 
till pH of the supernatant approached near neutral. This washed solid was suspended 
in 45 ml distilled water, mixed thoroughly and stored at 4ºC till further use.  
Rice straw (Oryza sativa) biomass, was used as the lignocellulosic substrate 
for enrichment and was collected from local market in Mathura district, Uttar 
Pradesh, India (Sharma et al., 2015).  The biomass was air dried and shredded to the 
particle size of ∼1-2 mm by knife mill (Texol, Pune, India) and stored in air-sealed 
containers at 25 °C, until its further use as native RSB. Air dried and milled RSB 
was pre-treated by dilute sulfuric acid treatment, as described (Agrawal et al., 2015; 
Singhania et al., 2014). Briefly, dilute-acid pretreatment of RSB was performed in a 
250 Kg biomass per day capacity continuous pilot-scale plant capable of operating 
with multiple feedstocks under a wide range of operating conditions. RSB was 
soaked in sulfuric acid solution (1-2.5% w/w) in a soaking chamber specially 
equipped with spray and circulation of acid solution. The wet biomass, after soaking 
was hung for 2 h and further pressed for 15 min at a pressure up to 100 bars in a 
hydraulic filter press to remove water. This biomass was subjected to pretreatment in 
the reactor at temperature 162°C, pressure 5 bar and residence time of 10 min. 
Residence time was controlled by the screw speed of the reactor. Resulted PT 
biomass slurry was collected in the slurry tank, cooled and then transferred through a 
peristaltic pump to a high speed centrifuge for separating solids (cellulose and lignin) 
and liquid (hemicelluloses) part. The solid portion of PT biomass was washed with 
deionized water to remove all soluble components (like free sugars and phenolics) 
and filtered to remove excess moisture, then stored at -18°C till further use. In this 
study a series of standard protocol developed by NREL were applied to determine 
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compositional analysis and moisture content of native and dilute-acid PT biomass 
samples (Sluiter et al., 2008; Sluiter et al., 2011).  
Briefly, the compositional analysis of native and dilute-acid PT-RSB was 
carried out by two-stage acid hydrolysis following the NREL/TP-510-42618 and 
HPLC method NREL/TP-510-42623 (Sluiter et al., 2008). The samples were 
analyzed for carbohydrate composition using High Performance Liquid 
Chromatography (HPLC) (Waters, USA) equipped with a refractive index detector 
and UV-Vis detector. The analysis of carbohydrates (glucose, xylose, galactose, 
mannose, and arabinose) was performed using Aminex HPX-87P column (Biorad, 
USA) coupled with refractive index detector. The mobile phase was milli-Q water at 
a flow rate of 0.6 ml min
-1
, with a column temperature of 75°C and inhibitor 
products (furfural and 5-HMF) were separated using Aminex HPX-87H column 
(Biorad, USA) coupled with UV-Vis detector. The mobile phase was 0.05 M 
H2SO4 at a flow rate of 0.6 ml min
-1
, with a column temperature of 50°C (Raj et al., 
2015). Both the columns were equipped with suitable guard columns. All the 
experiments were conducted using a single lot of these substrates. 
2.2.4  Medium for enrichment and isolation 
A chemically defined mineral medium M was used for the enrichment and 
isolation studies and prepared as previously described (Sizova et al., 2011) except 
contained 0.5% (w/v) yeast extract. Briefly, medium M was prepared by mixing 
three sterile solutions; A, B and C inside a Coy anaerobic chamber (USA) having 
headspace of N2: CO2: H2 = 90:5:5.  Solution A contained (L
-1
): distilled water, 
KH2PO4 (1.04 g); K2HPO4 (1.11 g); NaHCO3 (2.5 g), 1000X SL-10 Trace element 
solution (1 ml); resazurin (0.01 g); yeast extract (5 g) and respective insoluble carbon 
sources at desired concentration. The SL-10 trace metal solution, which was 
concentrated to 1000-fold, contained (g L
-1
): 7.7 M HCl (10 ml); FeCl2.4H2O (1.5); 
CoCl2.6H2O (0.19); MnCl2.4H2O (0.1); ZnCl2 (0.07); H3BO3 (0.006); 
Na2MoO4.2H2O (0.036); NiCl2.6H2O (0.024); CuCl2.2H2O (0.002); with added 
distilled water to 1000 ml of the final volume. Solution B, which was concentrated to 
100-fold, contained (g L
-1
): MgCl2.6H2O (0.2); NH4Cl (0.4); CaCl2.2H2O (0.05); 
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FeCl2.4H2O (0.05) and L-cysteine–HCl (0.5). Solution C, which was concentrated to 
250-fold, contained (g L
-1
): pyridoxamine dihydrochloride (0.2); p-aminobenzoic 
acid (0.1); D-biotin (0.05); vitamin B12 (0.05); thiamine-HCl (0.0125); folic acid 
(0.5); Ca-D-pantothenate (0.125); nicotinic acid (0.125); pyridoxine-HCl (0.025); 
thioctic acid (0.125); and riboflavin (0.0125) [Sigma V1-vitamin kit, Sigma Aldrich]. 
The final concentration required to achieve 1X concentration of mixed solutions is 
reported elsewhere (Sizova et al., 2011). All soluble carbon sources (e.g. sugars) 
were added as 10-fold concentrated stock solutions to achieve final concentration of 
1% (w/v) of the medium, unless specified.  
Solution A and B were flushed with constant flow of oxygen-free nitrogen 
gas, and dispensed into serum bottles inside anaerobic chamber, sealed with butyl 
rubber stoppers and crimped to ensure anaerobic conditions. Sterilization was 
accomplished by autoclaving preparations for solution A and B separately to avoid 
precipitation. Concentrated stocks of sugar and vitamin solutions were sterilized by 
filtration using 0.22 μm filter into pre-autoclaved anaerobic bottles. Desired 
concentrations (1X) of all sterile solutions were mixed in serum bottles inside 
anaerobic chamber, sealed and crimped. Essentially these solutions were combined 
just before inoculation, to avoid precipitation. After mixing all the solutions, pH of 
the medium was adjusted to pH 7.0, unless otherwise specified via addition of 1 M 
NaOH solution, prepared anaerobically.  
2.2.5  Enrichment and isolation of lignocellulolytic bacteria 
The enrichment procedure was performed within 24 h of sample collection 
followed by isolation of pure lignocellulolytic bacteria. Enrichment cultures were 
initiated by inoculating approximately 4 g of collected samples into M medium 
containing each of filter paper, xylan, glucose, xylose and RSB, as the sole carbon 
and energy source, under strict anaerobic conditions. Cellulolytic enrichment 
cultures were incubated at 60ºC while non-cellulolytic enrichment cultures were 
incubated at 70°C, without shaking till positive growth was evidenced in the form of 
turbidity, pH drop and gas production.  
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To attempt isolation, first a stable microbial consortium was established by 
consecutive transfers of 10% (v/v) enrichment culture in the medium with same 
carbon source at least five times. All enrichment cultures were performed in 50 ml of 
final working volume of the medium, unless stated otherwise. In order to purify 
lignocellulose fermenting strains directly, solidified M medium containing respective 
carbon sources was prepared followed by hungate roll tube technique of culture 
purification (Hungate, 1969). Briefly, a series of serially diluted stable consortia was 
inoculated into melted and pre-reduced sterile M medium (20 ml) containing 3% 
(w/v) agar and 0.5% (w/v) of the following carbon sources; PASC (for cellulose-
derived biomass enrichments), xylan (for hemicellulose-derived biomass 
enrichments), xylose (for xylose-derived enrichments) and glucose (for glucose-
derived enrichments). After inoculation, these bottles were solidified in the form of a 
thin layer of agar along the walls of serum bottle by rolling these bottles over ice. 
After solidification, these bottles were incubated at 50ºC in upright position, till 
colony forms were observed. A lower incubation temperature of 50ºC was selected 
to avoid melting of agar. The agar block containing well-formed single colonies were 
picked anaerobically (inside anaerobic chamber), using sterile inoculation loop and 
transferred on fresh liquid medium (50 ml) with same carbon source at 1% (w/v) 
concentration, unless stated otherwise. Incubation was performed at respective 
temperature without shaking till growth was observed in the form of turbidity. The 
purification was repeated several times till a single colony form was predominant.  
Grown culture of pure isolates were stored as 2-ml aliquots in 30% 
deoxygenated glycerol at -80ºC and revived when required. The purified strains were 
further investigated for their metabolic profiling and substrate utilization spectrum. 
2.2.6  Strain characterization 
Gram staining of exponentially growing cells was performed using Gram 
staining kit (Himedia, New Delhi, India). Physiological studies to determine the 
optimal temperature and pH ranges for the growth of the selected isolates was 
conducted in triplicate in serum bottles containing 50 ml M medium with 1% (w/v) 
of the following soluble carbon source; cellobiose (for cellulose fermenting isolates), 
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xylose (for hemicellulose and xylose fermenting isolates) and glucose (for glucose 
fermenting isolate). Medium with different initial pH values in the range of 3.0 to 
10.0 at an interval of 1 unit was adjusted by supplementing 1M HCL and 1M NaOH 
solution. The pHopt was determined first at respective temperature (used for 
isolation). To determine Topt for growth inoculated bottles were incubated at different 
temperatures increased gradually from 45ºC to 85ºC at 5ºC intervals at optimized pH 
values for growth. Strains were adapted by transferring at least twice to the new 
conditions before performing each measurement. Inoculum of freshly grown culture 
[optical density at 600 nm (OD600) ~0.8-1.0] prepared by passaging thrice on M 
medium was inoculated (5%, v/v) and incubated for 24 h without shaking. Cell 
growth was inferred by measuring OD600 at the beginning and at the end of 
incubation time. The optimized pH and temperature condition determined was 
thereafter used in all experiments performed. Strict anaerobic techniques were 
followed throughout the experimental manipulations.  
2.2.7  Cross substrate utilization test 
Multiple substrate utilization ability of the isolated strains was tested using 
various soluble carbon sources (cellobiose, glucose, xylose, arabinose, mannose, 
galactose, fructose, maltose, lactose, CMC sodium salt, and sucrose) and insoluble 
(starch, filter paper, xylan, cellulose, washed native and dilute-acid PT-RSB), 
supplemented to 10 ml M medium and incubated under respective optimum 
conditions for 24-96 h. The growth on soluble substrates was monitored by 
measuring the OD600 at the beginning and at the end of incubation while on insoluble 
substrates analysis of fermentation products was performed. For the separation of 
cells from insoluble substrates, samples were centrifuged in 1.5 ml centrifuge tube at 
12000 rpm for 5 min at 4°C. For each substrate, triplicate reactions and a control 
without inoculation were included. 
2.2.8  Metabolic profiling 
To determine the metabolic profile, all isolates were cultured in 50 ml of 
sterile (autoclaved) M medium with appropriate carbon source. The liquid medium 
was inoculated with 10% (v/v) inoculum from freshly grown culture (OD600~0.8-1.0) 
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prepared by passaging thrice on M medium containing respective soluble carbon 
source as per specific isolate. All the bottles were incubated in dark without shaking. 
Uninoculated control sample with carbon source were included in all experiments. 
The culture supernatant collected at the end of fermentation was centrifuged at 
12000 rpm for 5 min at 4°C to remove insoluble materials. The collected supernatant 
was filtered using 0.22 μm filters and diluted appropriately followed by 
chromatographic analysis. 
2.2.9  Sugars, inhibitors and metabolite analysis by HPLC 
The concentration of metabolites (lactate and acetate), residual carbohydrates 
(glucose, cellobiose, xylose, and arabinose) and inhibitors (2-furfural and 5-HMF) in 
the culture supernatant was analyzed by using HPLC equipped with a Bio-Rad 
Aminex HPX-87H column and elution was performed, according to the conditions 
described in section 2.2.3. Briefly 500 µL of sample was mixed with 500 µL of 
deionized water containing sodium azide (to prevent microbial contamination). 
Identification of peaks was performed by comparison of retention times with 
standards area. Calibration curves were derived from stock solutions of each 
component. 
2.2.10  Ethanol estimation by GC 
For ethanol estimation an internal standard method was used (Petit et al., 
2015). Briefly to 500 µL of the filtered culture supernatant, 100 µL of internal 
standard (1-propanol; 10 mg ml
-1
), 100 µL formic acid (25%) and 300 µL deionized 
water containing sodium azide were added. These solutions were mixed by 
vortexing. The samples were analyzed using Clarus-680 Gas Chromatograph with 
flame ionization detector (Perkin-Elmer, USA). The GC was equipped with a 
capillary column (Stabilwax
®
-DA 30 m × 0.25 mm inner diameter). Helium was 
used as a carrier gas at a flow rate of 2 ml min
-1
 (constant flow). The operating 
conditions were as follows: an initial oven temperature of 50 °C for 5 min, followed 
by 120°C for 5 min with a ramp rate of 15°C per min. Peaks were identified on 
comparison of retention time data with known external standards (Sigma Aldrich, 
India). Peaks were quantified with Total chrome navigator software, derived from 
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samples containing various known concentrations of ethanol with a fixed amount of 
internal standard.  
2.2.11  Genomic DNA extraction and 16S rRNA sequencing 
1 ml sample of overnight grown culture on M medium with appropriate 
soluble carbon source was centrifuged at 190 rpm for 5 min at 25°C to obtain a cell 
pellet. The total genomic DNA of the isolates was isolated using DNeasy blood and 
tissue kit (Qiagen India Pvt. Ltd) following the manufacturer’s instructions as 
follows: The cell pellet was suspended in 200 µL of phosphate buffered saline and 
directly lysed by mixing with 20 µL of proteinase K and 200 µl of buffer AL and 
vortexed to yield a homogeneous solution. The mixed solution was incubated at 
56°C for 10 min. After the lysis, 200 µL of ethanol (96-100%) was added to the 
lysate and vortexed. The total lysate (~620 µL) was then loaded onto a silica-based 
DNA purification spin-column placed in a 2 ml collection tube followed by 
centrifugation at 8000 rpm for 1 min at 25°C. During centrifugation, DNA was 
selectively bound to the DNeasy membrane of the column and contaminants pass 
through. The flow-through and collection tube was discarded and the spin column 
was placed in a new collection tube. All the remaining contaminants and enzyme 
inhibitors may present in the sample were removed in two subsequent washing steps 
using wash buffers AW1 and AW2. 500 µL of wash buffer 1 (AW1) was added to 
the spin column and centrifuged at 8000 rpm for 1 min at 25°C. The flow-through 
and collection tube was discarded and the spin column was placed in a new 
collection tube. 500 µL of wash buffer 2 (AW2) was added to the spin column and 
centrifuged at 14000 rpm for 3 min at 25°C. The flow-through and collection tube 
was discarded and the spin column was placed in a new 1.5 ml microcentrifuge tube. 
The purified genomic DNA was eluted by adding 200 µL elution buffer (buffer AE) 
to the center of the spin column membrane and incubated at room temperature for 1 
min. The column was centrifuged at 8000 rpm for 1 min at 25°C to collect purified 
genomic DNA, ready for use. The extracted DNA was kept at -20ºC for further use.  
DNA was amplified by polymerase chain reaction (PCR) on a Thermal cycler 
(Applied Biosystems Gene Amp® PCR system 9700, Life Technologies). The 
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amplification of 16S rRNA gene from extracted DNA of the isolate was performed 
using bacterial domain-specific universal set of primers: 27F (5’-
AGAGTTTGATCMTGGCTCAG-3’) and 1492R (5’-
CGGTTACCTTGTTACGACTT-3’) (Frank et al., 2008). The PCR strategy was 
modified from previously described strategy (Prokofeva et al., 2005). Briefly, a 20 µl 
PCR reaction mixture contained 10 µl of Hot Star Taq Master Mix (Qiagen India 
Pvt. Ltd) and 0.2 µl each of forward and reverse primers to amplify 2 µl of genomic 
DNA template. The conditions for the PCR amplification were as follows: initial 
denaturation (5 min at 95ºC) with annealing (1 min at 55ºC) and extension (at 72ºC 
for 1 min) followed by final extension at 72ºC for 10 min. PCR was run for 35 
cycles.  
The amplified DNA was purified from the agarose gel using QIA quick Gel 
Extraction Kit (Qiagen India Pvt. Ltd., India) according to manufacturer’s 
instructions as follows: The DNA bands were excised from the gel with new scalpel 
under UV light (Gel Documentation system) and kept in pre-weighed micro-
centrifuge tubes. The weight of the tube with the gel was recorded to determine the 
amount of dissolving buffer to be added. 30 µL of dissolving buffer (containing pH 
indicator) was added to 10 mg of gel slice and incubated at 50°C until gel slice has 
completely dissolved followed by addition of 40 µL isopropanol. The mixture was 
then transferred to the silica membrane assembly (QIAquick spin-column provided 
with a 2 ml collection tube). For the binding of DNA to the membrane, spin 
column was incubated at room temperature for 1 min followed by centrifugation at 
13000 rpm for 1 min. Flow-through was discarded and the spin-column was placed 
again in same collection tube. 500 µL of dissolving buffer was added to the spin-
column and centrifuged again at 13000 rpm for 1 min. Flow-through was discarded 
and the spin-column was re-inserted into provided collection tube. After binding of 
DNA washing was performed to remove impurities such as; primers, nucleotides, 
enzymes, mineral oil, salts, agarose, ethidium bromide etc. from the DNA samples. 
For this, 750 µL of membrane wash solution was added to the spin column which 
was allowed to stand for 5 min followed by centrifugation (twice) at 13000 rpm for 1 
min to discard flow-through and any residual wash buffer. The spin-column was 
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transferred to a clean 1.5 ml microcentrifuge tube and 50 µL of elution buffer was 
added to the center of spin-column. The assembly was allowed to stand at room 
temperature for 1 min and centrifuged at 13000 rpm for 1 min. The spin-column was 
discarded and collected DNA was stored at -20 °C for further use. The purified DNA 
of selected isolates was sent for sequencing to Institute of Microbial Technology, 
Chandigarh, India. 
2.2.12  Phylogenetic analysis 
The selected potential thermophilic anaerobic bacteria isolated in the lab 
were analyzed by 16S rRNA sequencing followed by their evolutionary analysis. 
The 16S rRNA gene sequences of the isolates were compared and validated with the 
sequences of the type strains available at the GenBank database using NCBI BLAST 
server (http://blast.ncbi.nlm.nih.gov/Blast/; National Centre for Biotechnology 
Information, MD, USA). All the sequences were submitted to GenBank database 
with accession number provided in text. Further sequences were aligned using 
CLUSTAL W software and phylogenetic tree was constructed according to the 
Neighbor-Joining method (Saitou & Nei, 1987) using MEGA 7.0 software (Kumar et 
al., 2016). The percentage of replicate trees in which the associated taxa clustered 
together by bootstrap test for 1000 replicates, to estimate the confidence of branching 
(Felsenstein, 1985). The evolutionary distances were concluded by using Maximum 
Composite Likelihood method based on Kimura 2-parameter model (Tamura et al., 
2004).The tree was drawn to scale, with branch distances measured as the number of 
substitutions per site. All positions containing gaps and missing data were 
eliminated.  
2.2.13  Statistical analysis 
The impacts of varying enrichment and isolation conditions on ethanol 
production were analyzed using the one-way analysis of variance (ANOVA). 
Significance of differences in metabolite concentrations between treatments 
conditions (described in text) were identified by Tukey’s honest significant 
difference (HSD) post-hoc tests. All results are expressed as average with error bars 
(±) showing standard deviation of the samples prepared in triplicate and differences 
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considered significant at probability value less than 0.05 [ANOVA Tukey’s test, 
***p<0.001]. The concentrations that were not significantly different from each 
other in treatment condition described are labelled with same lowercase letters 
associated with a level of significance, in the figures and tables [ANOVA Tukey’s 
test; *=0.05>p>0.01 and **= 0.01>p>0.001]. Statistical analyses were performed 
using R-Studio®, version 1.0.136 (RStudio, Inc. Boston, MA). 
2.3  Results and discussion 
2.3.1  Enrichment of lignocellulolytic thermophilic anaerobic bacteria  
A single reactor CBP configuration is based on a candidate microbe or group 
of microbes having combined hydrolysis and fermentation ability (Hasunuma et al., 
2013; Lynd et al., 2005; Olson et al., 2012). However, to achieve this no such single 
microorganism with desired performance level is available in nature so far 
(Akinosho et al., 2014; Dien et al., 2003). Due to which often a combination of 
thermoanaerobes with varying substrate specificity, was applied to solve the purpose 
of CBP (Brethauer & Studer, 2014; Lu et al., 2006).  With this consideration, we 
attempted selective screening of different thermoanaerobes on a variety of carbon 
sources in order to collect all the possible lignocellulolytic thermoanaerobes that can 
ferment a particular portion of biomass (Table 2.1-2.3). Due to their possible 
synergistic effect these organisms can later be co-cultured for taking advantage of a 
single reactor based process. Thermal hot water and compost samples collected from 
various locations (described in section 2.2.2) were chosen to enrich and isolate pure 
lignocellulolytic strains. However, purifying an ideal bacterium with combined 
cellulose-hemicellulose degradation potential and both C6-C5 sugar fermentation 
ability was the benchmark criteria. Hence, natural biomass was also used as one of 
the selective substrate for enrichment (Table 2.4). 
 In this study, extensive screening of lignocellulose fermenting thermophilic 
anaerobic bacteria was performed on various carbon sources related to lignocellulose 
i.e. cellulose, xylan, glucose and xylose (detailed below in section 2.3.1.1 to 2.3.1.4). 
Furthermore, the positive cellulolytic and hemicellulolytic enrichment cultures that 
produced substantial ethanol compared to other enrichments were transferred on 
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same enrichment medium with real LCB in order to stringently select the cultures 
capable of performing direct conversion of LCB to ethanol. These enrichment 
cultures were later employed for the purification of cellulose and hemicellulose 
fermenting bacteria. The final choice of stable enrichment cultures (as highlighted 
text) producing ethanol as one of the main soluble end products is shown in Table 
2.1-2.4, which also presented the amount of other soluble metabolites produced and 
their respective identity. Higher ethanol and total soluble metabolite concentrations 
were used as an initial screening criterion to select the enrichment culture for 
subsequent purification of the isolates best suited for ethanol production. 
2.3.1.1  Cellulolytic-enrichment culture 
The enrichment of cellulose fermenting thermophilic anaerobic bacteria was 
performed on M medium at 60ºC using filter paper (1.5% w/v) as the sole carbon 
and energy source as shown in Table 2.1. In general, the cellulose fermenting 
thermophilic anaerobic bacteria have Topt of 60ºC or below and pHopt close to neutral 
(Freier et al., 1988; Lv & Yu, 2013; Ng & Zeikus, 1977; Viljoen et al., 1926), with 
few exceptions (Koeck et al., 2015; Tachaapaikoon et al., 2012). Thus, a similar 
temperature (60ºC) was followed for all the enrichment and isolation procedures 
involving cellulose fermenting thermophilic anaerobic bacteria, unless stated 
otherwise.  
Within 96 h of incubation, several bottles evidenced positive growth in the 
form of turbidity and visible degradation of filter paper with yellow pigment 
formation was observed. Ten cellulolytic consortiums designated as #1 to #10 
produced ethanol, acetate and lactate as the main soluble metabolic end product with 
ethanol being produced in the range of 0.81-2.36 g L
-1 
(Table 2.1).   
The respective sampling site of that positive enrichment culture is also 
presented in Table 2.1. In particular, most of these enrichments were found to be 
originated from thermal hot spring samples while enrichment derived from DCS 
samples presented comparatively poor performance and hence not included here. 
Total six cellulolytic enrichments (#1, #2, #4, #5, #7 and #8) were selected for 
further enrichment and isolation studies due to their stable nature and higher ethanol 
production ability (Table 2.1).  
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Table 2.1 Enrichment of cellulose fermenting thermophilic anaerobic bacteria 
 
*Sample-ID represents the respective sampling site from where the enrichment culture was derived from, abbreviated as: PHS; Puga hot spring, and CHS; 
Chumathang hot spring  
 
#
Significant values are shown only for ethanol yield 
Lowercase letters represents the level of significance (***p<0.001, *=0.05>p>0.01, and **= 0.01>p>0.001), between different treatment conditions 






) Acetate (g L
-1









PHS #1 0.70 ± 0.02 0.98 ± 0.10 1.75 ± 0.02a b* 3.42 ± 0.11 5.38 ± 0.03 
PHS #2 0.59 ± 0.02 1.71 ± 0.03 2.36 ± 0.01cd*e 4.67 ± 0.06 4.92 ± 0.06 
PHS #3 0.81 ± 0.02 0.99 ± 0.10 1.56 ± 0.05
a 
3.36 ± 0.07 5.34 ± 0.06 
PHS #4 1.00 ± 0.03 1.32 ± 0.02 1.99 ± 0.04b*f*gh 4.31 ± 0.02 5.23 ± 0.04 
PHS #5 0.66 ± 0.01 1.07 ± 0.07 2.24 ± 0.01cif*j 3.97 ± 0.07 5.29 ± 0.01 
PHS #6 0.80 ± 0.01 1.53 ± 0.01 1.17 ± 0.03
k 
3.50 ± 0.02 5.34 ± 0.02 
CHS #7 0.45 ± 0.01 1.52 ± 0.03 2.08 ± 0.08d*gli 4.04 ± 0.10 5.78 ± 0.16 
CHS #8 0.31 ± 0.01 1.77 ± 0.07 2.17 ± 0.09ehjl 4.25 ± 0.15 5.59 ± 0.05 
CHS #9 0.29 ± 0.00 1.05 ± 0.10 1.23 ± 0.05
k 
2.57 ± 0.05 5.51 ± 0.11 
CHS #10 0.49 ± 0.02 1.50 ± 0.02 0.81 ± 0.02
 
2.79 ± 0.06 5.37 ± 0.05 
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The maximum ethanol (2.36 g L
-1
) and total product formation (4.63 g L
-1
) 
was observed in enrichment culture #2, derived from PHS sample. As mentioned 
earlier, all the selected cultures were subsequently enriched on real LCB (detailed in 
section 2.3.1.4). 
2.3.1.2  Hemicellulolytic-enrichment culture 
Hemicellulose is the second most abundant carbohydrate in nature that 
comprised 20-30% portion of LCB (Saha, 2003). Thermophilic anaerobic bacteria 
with a potential of direct fermentation of hemicellulose portion of lignocellulose 
mainly belongs to the genera: Thermoanaerobacterium (Topt ≤70ºC), 
Thermoanaerobacter (Topt ≤70ºC), Clostridium (Topt ≤65-70ºC) and 
Caldicellulosiruptor (Topt ≤70ºC) (Izquierdo et al., 2014; Wiegel et al., 1985; Zabed 
et al., 2016). The enrichment of hemicellulose fermenting thermophilic anaerobic 
bacteria was performed on M medium at 70ºC. As a hemicellulosic substrate, 
branched and substituted xylan derived from beechwood was used, as a sole carbon 
and energy source. 
Total ten hemicellulolytic enrichment cultures, designated as #11 to #20, 
were incubated at 70°C without shaking till positive growth was evidenced in the 
form of turbidity, pH drop and gas production. Here, all the selected enrichments 
produced lactate and acetate as a by-product during ethanolic fermentation of 
hemicellulose, as presented in Table 2.2. The production of ethanol was in the range 
of 0.90-2.24 g L
-1
, with highest production (of 2.24 g L
-1
) observed in samples 
derived from compost facility. Four stable enrichment cultures designated as #13, 
#14, #15 and #17, were selected for further studies, due to their faster growth and 
substantial ethanol production ability compared to other enrichments under screening 
(Table 2.2).  
Interestingly, all four selected enrichments were derived from DCS samples 
suggesting compost as the potential site for the purification of hemicellulose 
fermenting anaerobic bacteria (Table 2.2).  
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Sample-ID represents the respective sampling site from where the enrichment culture was derived from, abbreviated as: PHS; Puga hot 
spring, CHS Chumathang hot spring , and DCS; Dubagga compost site 
#
Significant values are shown only for ethanol yield. 
Lowercase letters represents the level of significance (***p<0.001, *=0.05>p>0.01, and **= 0.01>p>0.001), between different treatment 
conditions 
Non significant values are labelled with same lowercase letters without any probability value 
 Sample-ID* Enrichment-ID Lactate (g L
-1
) Acetate (g L
-1









DCS #11 0.60 ± 0.02 0.67 ± 0.02 1.08 ± 0.04
abcde 
2.35 ± 0.04 5.53 ± 0.18 
DCS #12 0.11 ± 0.02 0.68 ± 0.01 0.97 ± 0.02
afigh 
1.77 ± 0.04 5.39 ± 0.71 
DCS #13 0.74 ± 0.06 0.94 ± 0.06 1.94 ± 0.06k*j** 3.61 ± 0.18 5.36 ± 0.03 
DCS #14 1.01 ± 0.02 1.12 ± 0.14 1.59 ± 0.03 3.72 ± 0.19 5.29 ± 0.06 
DCS #15 0.67 ± 0.02 0.81 ± 0.02 2.24 ± 0.01j**l 3.71 ± 0.05 5.29 ± 0.01 
DCS #16 0.59 ± 0.04 0.61 ± 0.00 1.17 ± 0.03
bfmn*o** 
2.37 ± 0.07 5.46 ± 0.15 
CHS #17 0.82 ± 0.01 1.01 ± 0.03 2.15 ± 0.07lk* 3.97 ± 0.03 5.30 ± 0.01 
CHS #18 0.78 ± 0.01 1.23 ± 0.01 1.04 ± 0.07
cgmpq 
3.05 ± 0.07 5.52 ± 0.10 
PHS #19 0.08 ± 0.04 0.50 ± 0.08 0.93 ± 0.05
dhprn* 
1.51 ± 0.17 5.81 ± 0.02 
PHS #20 0.14 ± 0.01 0.46 ± 0.02 0.89 ± 0.00
eio**qr 
1.49 ± 0.02 5.86 ± 0.05 
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These results are in-line with some previous studies suggested that 
biocompost as a potential source for the isolation of xylan-degrading 
thermoanaerobes which grow on lignocellulose related substrates and may have 
industrial importance (Kato et al., 2004; Koeck et al., 2015; Lv & Yu, 2013; 
Madden, 1983; Ohmiya, 2005; Sizova et al., 2011; Zeidan & Van Niel, 2009). 
Similar to cellulolytic enrichments, positive hemicellulolytic enrichment cultures 
were allowed to enrich on real LCB to attempt isolation of pure CBP candidates. 
2.3.1.3  Sugar-derived enrichment culture 
Due to their narrow substrate spectrum and high inhibitor sensitivity, 
conventionally glucose fermenting yeast Saccharomyces cerevisiae cannot yield a 
similar rate of ethanol production by fermentation of non-detoxified real substrates 
(LCB) (Andersen et al., 2015; Heer & Sauer, 2008; Nogué & Karhumaa, 2015). In 
past few year’s interest has been centered on the research and development of 
extremely thermophilic anaerobic bacteria (Topt 65-70°C) due to their ability to 
utilize both C6 and C5 sugars, natural resistance to fermentation inhibitors and 
several associated process benefits offered by high temperature conditions (>70°C) 
(Vanfossen et al., 2008). 
The enrichment of sugar fermenting thermophilic anaerobic bacteria was 
performed on M medium at 70ºC to match the growth optima of known sugar 
fermenting high temperature anaerobes. Glucose and xylose were used, as the carbon 
and energy source, to allow enrichment of both C6 and C5 sugar fermenting 
thermophilic anaerobic bacteria.  
Total 18 sugar fermenting-enrichment cultures, designated as #21 to #38, 
were incubated at 70°C without shaking till positive growth was evidenced in the 
form of turbidity, pH drop and gas production. Here, all the selected enrichments 
produced lactate and acetate as a by-product during ethanolic fermentation of 
glucose and xylose, as presented in Table 2.3 (A) & (B).  
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Enrichment-ID Lactate (g L
-1
) Acetate (g L
-1









PHS #21 0.55 ± 0.01 1.31 ± 0.02 1.94 ± 0.07
a** 
3.79 ± 0.05 5.45 ± 0.01 
PHS #22 0.78 ± 0.01 1.78 ± 0.01 3.29 ± 0.07b 5.85 ± 0.08 5.44 ± 0.08 
PHS #23 0.86 ± 0.08 1.37 ± 0.04 4.07 ± 0.08c 6.30 ± 0.12 5.34 ± 0.06 
PHS #24 0.11 ± 0.01 1.56 ± 0.03 2.43 ± 0.06
a** 
4.10 ± 0.04 5.49 ± 0.04 
PHS #25 1.63 ± 0.07 0.80 ± 0.03 3.56 ± 0.02b 5.99 ± 0.08 5.37 ± 0.11 
DCS #26 0.81 ± 0.02 1.44 ± 0.01 1.19 ± 0.01
d*e* 
3.44 ± 0.02 5.61 ± 0.08 
CHS #27 0.57 ± 0.01 1.82 ± 0.10 4.14 ± 0.17c 6.53 ± 0.08 5.18 ± 0.10 
CHS #28 0.31 ± 0.03 0.42 ± 0.03 0.80 ± 0.02
fg 
1.53 ± 0.05 5.58 ± 0.06 
CHS #29 1.12 ± 0.13 0.31 ± 0.01 0.83 ± 0.06
d*fh 
2.26 ± 0.06 5.54 ± 0.08 
CHS #30 1.00 ± 0.03 0.45 ± 0.01 0.80 ± 0.03
e*gh 
2.25 ± 0.07 5.38 ± 0.08 
Sample-
ID* 
Enrichment-ID Lactate (g L
-1
) Acetate (g L
-1









CHS #31 1.01 ± 0.03 0.60 ± 0.01 1.17 ± 0.54
a*bcde 
2.78 ± 0.50 5.42 ± 0.04 
CHS #32 0.65 ± 0.02 0.91 ± 0.03 3.38 ± 0.26a*f*g**hi*j 4.94 ± 0.26 5.48 ± 0.09 
CHS #33 0.12 ± 0.01 0.85 ± 0.09 1.41 ± 0.07
bf*klm 
2.37 ± 0.15 5.61 ± 0.02 
CHS #34 0.19 ± 0.01 1.07 ± 0.06 1.20 ± 0.12
cg**kno 
2.45 ± 0.06 5.69 ± 0.06 
PHS #35 1.53 ± 0.12 0.37 ± 0.06 4.50 ± 0.56h 6.40 ± 0.75 5.41 ± 0.02 
PHS #36 0.94 ± 0.07 0.66 ± 0.03 1.68 ± 0.13
di*lnpq 
3.28 ± 0.23 5.59 ± 0.07 
PHS #37 0.35 ± 0.02 1.59 ± 0.09 4.55 ± 0.11jp 6.48 ± 0.22 5.54 ± 0.06 
PHS #38 0.27 ± 0.03 1.08 ± 0.22 1.07 ± 0.06
emoq 
2.41 ± 0.13 5.77 ± 0.01 
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*Sample-ID represents the respective sampling site from where the enrichment culture was 
derived from, abbreviated as: PHS; Puga hot spring, CHS Chumathang hot spring, and DCS; 
Dubagga compost site 
#
Significant values are shown only for ethanol yield 
Lowercase letters represents the level of significance (***p<0.001, *=0.05>p>0.01, and **= 
0.01>p>0.001), between different treatment conditions 
Non significant values are labelled with same lowercase letters without any probability value 
 
The production of ethanol was in the range of 0.80-4.55 g L
-1
, with highest 
production (of 4.55 g L
-1
) observed in samples derived from PHS. Seven stable 
enrichment cultures designated as #22, #23, #25 and #27 (from glucose enrichment) 
and #32, #35 and #37 (from xylose enrichment), were selected for further studies, 
due to their faster growth and substantial ethanol production ability compared to 
other enrichments under screening (Table 2.3 (A) & (B)). 
2.3.1.4  Lignocellulose-derived enrichment culture 
For the enrichment of natural CBP strains, six cellulolytic enrichment 
cultures (#1, #2, #4, #5, #7 and #8, Incubation temperature 60°C) and four 
hemicellulolytic enrichment cultures (#13, #14, #15 and #17, Incubation temperature 
70°C), were inoculated in M medium containing RSB (Table 2.4).  
The fermentation profile of selected enrichments is shown in Table 2.4. Here, 
ethanol was observed in the range of 0.78-1.35 g L
-1
 suggesting that ethanol 
production was lower on this substrate compared to model substrate used previously. 
The obvious reason can be related to the simpler structure of former substrates 
compared to real LCB. Before attempting isolation, the positive enrichments were 
transferred multiple times on the same carbon source. 
2.3.2  Isolation of lignocellulolytic thermophilic anaerobic bacteria  
Isolation procedures for lignocellulolytic thermophilic anaerobic bacteria 
included enrichment on reduced medium containing yeast extract and respective 
carbohydrate source, with subsequent isolation on agar-roll tubes at 50ºC. Growth on 
serum bottles was monitored at 24 h intervals.  
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Table 2.4 Enrichment of lignocellulose-derived enrichment culture 
 
              
#
Significant values are shown only for ethanol yield 
Lowercase letters represents the level of significance (***p<0.001, *=0.05>p>0.01, and **= 0.01>p>0.001), between different treatment conditions 
Non significant values are labelled with same lowercase letters without any probability value 
 
 
Enrichment-ID Lactate (g L
-1
) Acetate (g L
-1









#2 0.24 ± 0.01 0.54 ± 0.01 0.98 ± 0.01
ab*c**d*efghi 
1.76 ± 0.00 5.75 ± 0.05 
#4 0.11 ± 0.00 0.52 ± 0.00 1.12 ± 0.02
ajkl*mnop 
1.75 ± 0.02 5.80 ± 0.01 
#5 0.31 ± 0.01 0.49 ± 0.00 0.63 ± 0.03
b*qr** 
1.43 ± 0.02 5.84 ± 0.02 
#7 0.31 ± 0.01 0.56 ± 0.01 1.35 ± 0.03
c**jstuv* 
2.21 ± 0.03 5.65 ± 0.04 
#8 0.44 ± 0.01 0.67 ± 0.00 1.26 ± 0.04
d*kswxyz 
2.37 ± 0.04 5.68 ± 0.02 
#1 0.42 ± 0.00 0.31 ± 0.00 0.77 ± 0.01
el*qA*B**C 
1.51 ± 0.02 5.84 ± 0.01 
#13 0.12 ± 0.01 0.70 ± 0.04 1.05 ± 0.09
fmwA*DEF 
1.86 ± 0.05 5.66 ± 0.04 
#14 0.37 ± 0.07 0.90 ± 0.02 1.21 ± 0.12
gntxDGH 
2.48 ± 0.03 5.64 ± 0.08 
#15 0.39 ± 0.07 0.58 ± 0.01 1.15 ± 0.08
houyB**EGK 
2.12 ± 0.00 5.72 ± 0.00 
#17 0.68 ± 0.01 1.04 ± 0.07 1.02 ± 0.02
ipr**v*zCFHK
 2.73 ± 0.05 5.63 ± 0.06 
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Different colonies from selected enrichment cultures displayed zone of 
clearance and gas bubble formation around growth. 50 ml M medium containing 
same concentration of sterile carbon sources (specified as per isolation medium) 
were used for sub-culturing of isolated colonies followed by incubation at respective 
temperature till growth observed again.  
The purification procedure involved repeated serial dilution and roll tubing, 
till single colony form was predominant. This extensive screening and purification 
procedure initially yielded more than 160 isolates derived from different enrichment 
cultures. During the multiple rounds of purification, few isolates lost their ability to 
grow thus purification was repeated till stable colony forms were present. Around 43 
isolated thermophilic anaerobic bacteria with the ability to grow on different carbon 
sources related to lignocellulose were purified under different selection categories as 
described below in the section 2.3.2.1 to 2.3.2.3 (Table 2.5). 
The final selection of lignocellulose fermenting strains was based on the 
results of GC (for ethanol) and HPLC (for lactate and acetate) profiling (Figure 2.1). 
To further scale down the number of isolates for identification and future studies, 
selection criteria involved; ability to grow on multiple substrates and higher ethanol 
production. A summary of finalized candidates categorized as CBP and non-CBP 
thermoanaerobes along with their predominant characteristics is given in Table 2.10.   
2.3.2.1  Isolation of cellulolytic thermophilic anaerobic bacteria 
Nineteen cellulose fermenting thermophilic anaerobic bacteria, designated as 
strains DBT-IOC-C1 to DBT-IOC-C19, were obtained as pure and stable cultures. 
The obtained pure colonies were round, white to pale yellow in colour, deep agar as 
well as in surface forms.  
The morphological characteristics of these strains were observed under the 
microscope and we found that these strains were not much distinguishable and 
mostly rod to spherical morphology for all isolates was observed. Therefore, 
distinguishing features of the isolates was defined by comparing their fermentation 
profiling using microcrystalline cellulose as substrate (Figure 2.1).  
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Figure 2.1 Metabolic profile of 19 purified cellulose fermenting thermophilic anaerobic 
bacteria. Lowercase letters represents the level of significance (***p<0.001, *=0.05>p>0.01, 
and **= 0.01>p>0.001), between different treatment conditions. Non significant values are 
labelled with same lowercase letters without any probability value. 
During the fermentation of crystalline cellulose ethanol, acetate and lactate 
were the main soluble metabolic end products produced by all the isolates as shown 
in Figure 2.1. Under suboptimal conditions, 3 strains referred as; strain DBT-IOC-
C2, strain DBT-IOC-C15 and strain DBT-IOC-C19 displayed superior ethanol 
production and were chosen for further investigation. The selected isolates found to 
differ from each other with respect to fermentation profiling and producing a 
differential quantity of yellow-affinity substance (YAS) during growth on cellulose. 
The positive effect of this YAS on adsorption and binding of cellulolytic complex of 
anaerobic bacteria during growth on crystalline cellulosic substrates is well known 
(Kopecny & Hodrova, 1997; Ljungdahl et al., 1988). 
2.3.2.2  Isolation of hemicellulolytic thermophilic anaerobic bacteria 
The enrichment and isolation procedure yielded twelve extremely 
thermophilic, obligatory anaerobic, hemicellulolytic and heterofermentative bacteria 
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that were purified from DCS and PHS samples (Figure 2.2). The obtained pure 
colonies were round, white in colour, non-pigmented and some of them formed small 
gas bubbles around growth. The purified hemicellulolytic isolates were designated 
as; DBT-IOC-DC1, DBT-IOC-DC5, DBT-IOC-DC8, DBT-IOC-DC16, DBT-IOC-
DC29, DBT-IOC-DC21, DBT-IOC-DC24 and DBT-IOC-DC30, for those derived 
from DCS samples while hemicellulolytic isolates purified from PHS samples were 
designated as; DBT-IOC-P20 to DBT-IOC-P23 (Table 2.5).  
All the isolated bacteria were able to directly produce ethanol from xylan as 
the sole carbon and energy source, as presented in Figure 2.2. A comparative 
fermentation profiling of 12 pure cultures led to the identification of an isolate which 
we have designated; DBT-IOC-DC21 (originated from DCS), that rapidly grew on 
xylan and accumulated highest ethanol of 1.18 g L
-1






















































































































Figure 2.2 Metabolic profile of 12 purified hemicellulose fermenting thermophilic anaerobic 
bacteria. Level of significance (***p<0.001, *=0.05>p>0.01, and **= 0.01>p>0.001), 
between different treatment conditions.  
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2.3.2.3  Isolation of sugar fermenting anaerobic bacteria 
During the purification of fermenting anaerobic bacteria using simple sugars 
i.e. glucose and xylose as sole carbon and energy source, a total twelve stable 
colonies were purified (Table 2.5). Six of these isolates were derived from glucose 
enrichment cultures and designated as DBT-IOC-G1 to DBT-IOC-G6.  
 
Figure 2.3 Metabolite profile of 12 purified sugar fermenting thermophilic anaerobic bacteria. 
Lowercase letters represents the level of significance (***p<0.001, *=0.05>p>0.01, and **= 
0.01>p>0.001), between different treatment conditions. Non significant values are labelled 
with same lowercase letters without any probability value. 
The remaining six isolates were derived from xylose-enrichment cultures and 
designated as strains DBT-IOC-X2 and DBT-IOC-X4 to DBT-IOC-X8. Most of 
these isolates were derived from the enrichment cultures originated from hot spring 
samples (Table 2.5). The comparative fermentation profiling of these twelve isolates 
on their respective carbon sources is presented in Figure 2.3.  
Ethanol production by novel thermophilic anaerobic isolate/s via consolidated bioprocessing 
                                                                                                                          
                                                                                                                   72 
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) Ethanol (g L
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#1 PHS DBT-IOC-C1 Avicel 0.06 ± 0.00 0.27 ± 0.01 0.58 ± 0.01 0.91 ± 0.01 
#2 PHS DBT-IOC-C2 Avicel 0.24 ± 0.01 0.49 ± 0.01 0.73 ± 0.00 1.46 ± 0.02 
#5 PHS DBT-IOC-C3 Avicel 0.04 ± 0.01 0.48 ± 0.01 0.04 ± 0.00 0.56 ± 0.00 
#7 PHS DBT-IOC-C4 Avicel 0.03 ± 0.01 0.25 ± 0.01 0.49 ± 0.01 0.77 ± 0.01 
#7 PHS DBT-IOC-C5 Avicel 0.08 ± 0.00 0.23 ± 0.01 0.56 ± 0.00 0.87 ± 0.01 
#7 PHS DBT-IOC-C6 Avicel 0.19 ± 0.01 0.16 ± 0.00 0.23 ± 0.01 0.58 ± 0.00 
#1 PHS DBT-IOC-C7 Avicel 0.07 ± 0.01 0.26 ± 0.02 0.37 ± 0.01 0.70 ± 0.03 
#4 PHS DBT-IOC-C8 Avicel 0.08 ± 0.01 0.24 ± 0.01 0.44 ± 0.01 0.76 ± 0.01 
#8 PHS DBT-IOC-C9 Avicel 0.03 ± 0.00 0.51 ± 0.01 0.51 ± 0.01 1.04 ± 0.02 
#5 PHS DBT-IOC-C10 Avicel 0.06 ± 0.01 0.26 ± 0.01 0.26 ± 0.01 0.58 ± 0.02 
#1 PHS DBT-IOC-C11 Avicel 0.10 ± 0.01 0.23 ± 0.01 0.51 ± 0.01 0.84 ± 0.01 
#2 PHS DBT-IOC-C12 Avicel 0.02 ± 0.00 0.11 ± 0.00 0.33 ± 0.01 0.47 ± 0.01 
#4 PHS DBT-IOC-C13 Avicel 0.03 ± 0.01 0.21 ± 0.00 0.29 ± 0.00 0.53 ± 0.01 
#7 PHS DBT-IOC-C14 Avicel 0.06 ± 0.00 0.39 ± 0.00 0.42 ± 0.01 0.87 ± 0.01 
#5 PHS DBT-IOC-C15 Avicel 0.07 ± 0.00 0.48 ± 0.01 0.66 ± 0.01 1.20 ± 0.00 
#4 PHS DBT-IOC-C16 Avicel 0.04 ± 0.01 0.13 ± 0.01 0.48 ± 0.01 0.64 ± 0.00 
#1 PHS DBT-IOC-C17 Avicel 0.04 ± 0.00 0.34 ± 0.01 0.38 ± 0.01 0.76 ± 0.01 
#2 PHS DBT-IOC-C18 Avicel 0.07 ± 0.01 0.26 ± 0.01 0.26 ± 0.00 0.58 ± 0.01 
#8 PHS DBT-IOC-C19 Avicel 0.13 ± 0.00 0.39 ± 0.01 0.80 ± 0.01 1.32 ± 0.01 
#17 DCS DBT-IOC-DC1 Xylan 1.00 ± 0.01 0.46 ± 0.05 0.13 ± 0.01 1.60 ± 0.03 
#13 DCS DBT-IOC-DC5 Xylan 0.45 ± 0.02 0.94 ± 0.05 0.63 ± 0.03 2.02 ± 0.05 
#13 DCS DBT-IOC-DC8 Xylan 0.65 ± 0.01 0.33 ± 0.05 0.98 ± 0.12 1.96 ± 0.03 
#17 DCS DBT-IOC-DC21 Xylan 0.46 ± 0.03      0.72 ± 0.10  1.18 ± 0.02      2.35 ± 0.09 
#15 DCS DBT-IOC-DC24 Xylan 0.28 ± 0.02      0.32 ± 0.02  0.77 ± 0.09     1.35 ± 0.12 
#14 DCS DBT-IOC-DC16 Xylan 1.18 ± 0.03      0.17 ± 0.04  0.48 ± 0.04     1.84 ± 0.09 
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*Sample-ID represents the respective sampling site from where the enrichment culture was derived from, abbreviated as: PHS; Puga hot spring, CHS 
Chumathang hot spring , and DCS; Dubagga compost site 
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#14 DCS DBT-IOC-DC29 Xylan 1.27 ± 0.02 0.36 ± 0.04 0.54 ± 0.01 2.16 ± 0.08 
#15 DCS DBT-IOC-DC30 Xylan 0.57 ± 0.01 0.88 ± 0.02 0.38 ± 0.01 1.83 ± 0.03 
#8 PHS DBT-IOC-P20 Xylan 0.35 ± 0.06 0.43 ± 0.01 0.75 ± 0.04 1.53 ± 0.09 
#7 PHS DBT-IOC-P21 Xylan 0.14 ± 0.04 0.49 ± 0.02 0.67 ± 0.01 1.29 ± 0.06 
#4 PHS DBT-IOC-P22 Xylan 0.12 ± 0.02 0.58 ± 0.01 0.71 ± 0.03 1.41 ± 0.03 
#1 PHS DBT-IOC-P23 Xylan 0.76 ± 0.07 0.85 ± 0.22 0.92 ± 0.03 2.53 ± 0.30 
#22 PHS DBT-IOC-G1 Glucose 0.23 ± 0.03 1.27 ± 0.17 1.56 ± 0.06 3.05 ± 0.25 
#32 PHS DBT-IOC-X6 Xylose 0.62 ± 0.11 1.47 ± 0.11 2.06 ± 0.04 4.15 ± 0.12 
#22 PHS DBT-IOC-G3 Glucose 0.53 ± 0.02 0.86 ± 0.07 1.48 ± 0.08 2.88 ± 0.14 
#25 PHS DBT-IOC-G4 Glucose 0.76 ± 0.08 1.20 ± 0.19 1.93 ± 0.05 3.89 ± 0.24 
#27 PHS DBT-IOC-G5 Glucose 1.06 ± 0.07 1.59 ± 0.03 2.13 ± 0.05 4.79 ± 0.05 
#23 PHS DBT-IOC-G6 Glucose 1.12 ± 0.06 0.59 ± 0.02 2.67 ± 0.20 4.39 ± 0.17 
#25 CHS DBT-IOC-G2 Glucose 1.29 ± 0.10 1.56 ± 0.12 1.90 ± 0.08 4.75 ± 0.26 
#35 CHS DBT-IOC-X2 Xylose 0.29 ± 0.00 0.83 ± 0.02 3.25 ± 0.08 4.36 ± 0.08 
#37 CHS DBT-IOC-X4 Xylose 1.13 ± 0.12 1.39 ± 0.12 3.10 ± 0.08 5.62 ± 0.21 
#32 CHS DBT-IOC-X5 Xylose 0.13 ± 0.01 0.68 ± 0.04 2.05 ± 0.10 2.85 ± 0.15 
#35 CHS DBT-IOC-X7 Xylose 0.28 ± 0.01 0.57 ± 0.04 1.09 ± 0.06 1.95 ± 0.10 
#32 CHS DBT-IOC-X8 Xylose 0.60 ± 0.02 0.63 ± 0.02 1.51 ± 0.04 2.75 ± 0.04 
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In this study, three strains designated as DBT-IOC-G6 (predominantly C6 
sugar fermenting) while DBT-IOC-X2 and DBT-IOC-X4 (predominantly C5 sugar 
fermenting) seems most promising, due to the ability of higher ethanol production 
and nearly complete substrate utilization. Thus, strains DBT-IOC-X2, DBT-IOC-X4 
and DBT-IOC-G6 were investigated for further characterization and fermentation 
properties. 
2.3.3  Growth optimization  
All seven isolates were able to grow only in a pre-reduced medium and 
severe growth inhibition observed in the presence of oxygen. This suggested the 
obligatory anaerobic nature of the isolates. Based on OD600 measurement, maximum 
growth by cellulolytic isolate DBT-IOC-C2 was achieved at pH 7.0 than the other 
pH values tested (Figure 2.4 (A)). In contrast, other cellulolytic isolates namely; 
DBT-IOC-C15 and DBT-IOC-C19 exhibited maximum growth at slightly alkaline 
pH values between 7-8 and pH 7.5 was selected as the pHopt for both these strains 
(Figure 2.4 (B) and 2.4 (C)). Here, isolate DBT-IOC-C15 was able to grow over a 
wide temperature range from 55ºC to 65ºC with Topt being 55ºC (Figure 2.4 (B)).  In 
contrast, isolate DBT-IOC-C19 and DBT-IOC-C2 grew optimally at 60ºC (Figure 
2.4 (C) and 2.4 (A)).  
The temperature and pH ranges observed here for newly isolated cellulolytic 
bacteria are in-line with the growth optima observed for many strains of C. 
thermocellum (the most potential CBP candidate) reported previously where a 
temperature growth range of 55°C-70°C and an pHopt value close to neutral was 
suggested (Lv & Yu, 2013; Saddler & Chan, 1982; Viljoen et al., 1926). However, 
some strains with growth optima near acidic (Koeck et al., 2015) and alkaline 
(Tachaapaikoon et al., 2012) pH conditions were also observed. The growth 
temperature for hemicellulolytic isolate DBT-IOC-DC21 ranged from 50-75°C, and 
the Topt for the growth was 70°C (Figure 2.4 (D)). 
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A. Strain DBT-IOC-C2 
  
B. Strain DBT-IOC-C15 
  
C. Strain DBT-IOC-C19 
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D. Strain DBT-IOC-DC21 
  
E. Strain DBT-IOC-X2 
  
F. Strain DBT-IOC-G6 
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G. Strain DBT-IOC-X4 
         
Figure 2.4 Growth optimization of 7 selected thermophilic anaerobic bacteria 
No significant growth was observed below 50°C and above 75°C defining its 
extremely thermophilic nature (Mehta & Satyanarayana, 2013). For isolate DBT-
IOC-DC21, the observed growth measured on the basis of OD600 at 65°C was 
slightly lower than the growth at 70°C and thus 70°C was chosen as Topt. This 
observation is suggesting broad temperature growth range of newly isolated 
hemicellulose fermenting anaerobic bacteria. However, isolate presented a narrow 
pH range (of pH 6.0 to 8.0) with almost no growth observed at other pH values 
tested (Figure 2.4 (D)). The pHopt for the newly isolated hemicellulolytic bacteria 
was pH 7.0, suggesting its neutrophilic nature.  
Two sugar fermenting isolates DBT-IOC-X2 and DBT-IOC-G6 presented a 
similar temperature growth range of 45°C to 75°C with Topt being 70°C than the 
other temperature values tested (Figure 2.4 (E) and 2.4 (F)). No significant growth 
was observed below 55°C and above 75°C defining their extremely thermophilic 
nature. These isolates had an ability to grow over a wide range of pH with maximum 
growth was observed in the range of pH 5.0 to 8.0 at 70°C. Almost no growth was 
observed below pH 5.0 and above pH 9.0 for the strain (Figure 2.4 (E) and 2.4 (F)). 
This suggested that both the isolates were slightly alkaliphilic in nature. In contrast 
to other two sugar fermenting anaerobes, isolate DBT-IOC-X4 had Topt of 60ºC and 
Tmax of 70ºC with almost no growth at T>70ºC, defining that isolate is moderately 
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thermophilic in nature (Figure 2.4 (G)). Isolate DBT-IOC-X4 presented optimal 
growth at neutral pH compared to other pH values tested (Figure 2.4 (G)). 
2.3.4  Molecular identification of selected lignocellulolytic bacteria 
Seven isolates were selected for DNA isolation and PCR amplification. An 
analysis of 16S rRNA gene sequences of the three cellulose fermenting thermophilic 
anaerobic bacteria revealed their closest homology with different members belonging 
to the genus Clostridium (phylum Firmicutes) (Collins et al., 1994). The genus 
Clostridium comprised of several solventogenic and thermophilic members that are 
capable of performing cellulose and hemicellulose fermentation to valuable products 
such as ethanol and hydrogen (Akinosho et al., 2014; Ren et al., 2016). The closest 
relative of all three isolates was C. thermocellum ATCC 27405
T 
(Viljoen et al., 
1926), with 16S rRNA gene sequence identity ranging from 99.79% (for isolate 
DBT-IOC-C19) to 99.86% (for isolates DBT-IOC-C2 and DBT-IOC-C15). The type 
strain of C. thermocellum ATCC 27405
T
 is the most exploited member of this genus 
and under extensive investigation for ethanol production via CBP approach (Argyros 
et al., 2011; Paye et al., 2016; Reed et al., 2014). 
In past, several C. thermocellum strains isolated from a variety of habitats 
including hot springs (Freier et al., 1988; Koeck et al., 2014; Lv & Yu, 2013; Sato et 
al., 1993; Rani et al., 1997; Tachaapaikoon et al., 2012; Viljoen et al., 1926; Weimer 
& Zeikus, 1977). The high genetic similarities of the newly isolated cellulolytic 
bacteria with C. thermocellum indicated that these isolates belong to cluster III of 
Clostridia (Collins et al., 1994).  
The evolutionary history of the selected cellulose fermenting thermophilic 
anaerobic bacteria is presented in the form of a phylogenetic tree, as shown in Figure 
2.5. These cellulolytic isolates were designated as Clostridium sp. DBT-IOC-C2 
(GenBank accession number KX842074), Clostridium sp. DBT-IOC-C15 (GenBank 
accession number KX842075) and Clostridium sp. DBT-IOC-C19 (GenBank 
accession number KX842076).  
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Figure 2.5 Phylogeny of 3 cellulose-degrading thermophilic anaerobic bacteria 
Hemicellulose fermenting isolate DBT-IOC-DC21 found to be most closely 
related to C. stercorarium subsp. leptospartum strain DSM 9219
T 
(formerly known 
as Thermobacteroides leptospartum) (Fardeau et al., 2001; Toda et al., 1988) and C. 
stercorarium subsp. stercorarium strain DSM 8532
T 
(Fardeau et al., 2001; Madden, 
1983), with 16S rRNA gene sequence similarities of 100% and 99% respectively.  
The high genetic relatedness of the new isolates with different subspecies of 
C. stercorarium and lignocellulose utilization ability, indicated that isolate DBT-
IOC-DC21 belongs to group III of Clostridia (Collins et al., 1994).  The evolutionary 
history of the isolate DBT-IOC-DC21 is presented in the form of a phylogenetic tree, 
in Figure 2.6. The 16S rRNA gene sequence of the isolate DBT-IOC-D21 are 
submitted to GenBank with nucleotide accession number; KX842077.  
Phylogenetic and sequence similarity analysis of the two sugar fermenting 
isolates DBT-IOC-G6 and DBT-IOC-X2 with other strains available in GenBank 
database revealed that these isolates are evolutionary related to the genus 
Thermoanaerobacter (family ‘Thermoanaerobacteraceae’, phylum ‘Firmicutes’) 
(Wiegel, 2015) as shown in Figure 2.7. The family Thermoanaerobacteraceae 
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contains several species of strictly anaerobic, spore forming and carbohydrate 
fermenting thermophilic anaerobic bacteria that are isolated mostly from hot springs 
(Stackebrandt, 2014; Wiegel, 2015).  
 
Figure 2.6 Phylogeny of hemicellulose-degrading thermophilic anaerobic 
The 16S rRNA gene sequence of isolate DBT-IOC-X2 presented 99% 
nucleotide sequence identity with 16S rRNA gene sequences of T. pseudethanolicus 
strain 39E (formerly known as C. thermohydrosulfuricum and T. ethanolicus) (Lee et 
al., 1993; Onyenwoke et al., 2007) and T. thermohydrosulfuricus strain E100-69 
(formerly known as C. thermohydrosulfuricum) (Lee et al., 1993; Wiegel et al., 
1979). Sequence of the isolate DBT-IOC-G6 had 99% nucleotide sequence identity 
to the 16S rRNA gene sequences of T. pseudethanolicus strain 39E and 95% 
nucleotide sequence identity to the 16S rRNA gene sequence of T. ethanolicus 
(Wiegel & Ljungdahl, 1981), suggesting that both isolates are closely related. Other 
species of the genus Thermoanaerobacter had above 90% sequence identity with 
isolate DBT-IOC-X2 and DBT-IOC-G6 (Figure 2.7). 
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 Thermoanaerobacter thermohydrosulfuricus strain E100-69 (NR 044618)
 Thermoanaerobacter pseudethanolicus strain 39E (NR 121591)
 Thermoanaerobacter sp. DBT-IOC-X2 (KY056821)
 Thermoanaerobacter sp. DBT-IOC-G6 (KY056822)
 Thermoanaerobacter wiegelii strain Rt8.B1 (NR 075059)
 Thermoanaerobacter ethanolicus strain JW-200 (NR 044619)
 Thermoanaerobacter acetoethylicus strain HTB2 (NR 044620)
 Thermoanaerobacter kivui strain LKT-1 (NR 044617)
 Thermoanaerobacter brockii subsp. finnii strain Ako-1 (NR 075060)
 Thermoanaerobacter brockii strain DSM 1457 (NR 117607)
0.0050  
Figure 2.7 Phylogeny of sugar fermenting thermophilic anaerobic bacteria 
In contrast to this, the phylogenetic analysis of the sugar fermenting isolate 
DBT-IOC-X4 (GenBank accession number KX842078) presented closest 
evolutionary relationship to the genus Thermoanaerobacterium (family 
‘Thermoanaerobacteraceae’, phylum ‘Firmicutes’) (Lee et al., 1993; Rainey, Ward, 
Morgan, Toalster, & Stackebrandt, 1993). In past different members of the genera 
Clostridium were reclassified into the genus Thermoanaerobacterium (Collins et al., 
1994; Lee et al., 1993). Members of the genera Thermoanaerobacterium are 
obligatory anaerobic and thermophilic bacteria that are capable of utilizing a wide 
range of carbohydrates and produce ethanol by mixed acid fermentation pathway 
along with lactate, acetate, CO2 and H2 (Rainey et al., 1993; A. J. Shaw et al., 2010). 
The evolutionary history of the isolate DBT-IOC-X4 is presented in the form of a 
phylogenetic tree in Figure 2.8.  
The 16S rRNA gene sequence of isolate DBT-IOC-X4 had 99% nucleotide 
sequence identity to the 16S rRNA gene sequences of Tm. thermosaccharolyticum
T 
(Collins et al., 1994). Tm. thermosaccharolyticum DSM 571 has received 
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considerable interest in past due to the ability of efficient hydrogen production and 
thermostable lignocellulolytic enzymes production (Pei et al., 2012; Zhao et al., 
2013). 
 Thermoanaerobacterium thermosaccharolyticum strain CECT 5852 (NR 117205.1)
 Thermoanaerobacterium sp. DBT-IOC-X4 (KX842078)
 Thermoanaerobacterium thermosaccharolyticum strain DSM 571 (NR 074419.1)
 Thermohydrogenium kirishiense strain ZE-7 (NR 104808 )
 Thermohydrogenium kirishiense strain DSM 11055 (NR 117161 )
 Thermoanaerobacterium aotearoense strain JW/SL-NZ613 (NR 026296)
 Thermoanaerobacterium calidifontis strain Rx1 (AB544080:1-1473)
 Thermoanaerobacterium aciditolerans strain 761-119 (AY350594)
 Thermoanaerobacterium xylanolyticum strain LX-11 (NR 102771)
 Thermoanaerobacterium thermosulfurigenes strain 4B (NR 044622)
0.0050  
Figure 2.8 Phylogeny of sugar fermenting strain DBT-IOC-X4 
Despite the high genetic relatedness, all the newly isolated thermophilic 
bacteria of this study differ widely in the physiological characteristics from their 
closest relatives, which are described in detail in section 2.3.6. 
2.3.5  Cross substrate utilization test 
In contrast to starch-based substrates, LCB is a complex structure comprised 
of cellulose, hemicellulose and their sugar derivatives which include both C6 and C5 
sugars (Raj et al., 2015). For an ideal cellulosic ethanol production process 
simultaneous uptake and fermentation of both the types of sugars and 
polysaccharides is highly essential (Scully & Orlygsson, 2015; Xu et al., 2009). In 
order to explore the potential of our new isolates to grow on substrates other than 
their respective carbon source (used for isolation and growth optimization studies), a 
range of carbon sources related to lignocellulose were used.  
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Table 2.6 Physiological characteristics of 3 cellulolytic thermophilic anaerobic bacteria and 
phylogenetically related species 
NA, not available;  C., Clostridium 








Gram reaction Gram positive Gram variable Gram variable Gram variable 
Growth Characteristics 
Tmax (ºC) - 70 65 65 
Topt (ºC) 60-64 60 55 60 
Tmin (ºC) - 45 45 45 
pHmax - 8.0 8.0 8.0 
pHopt 7.0 7.0 7.5 7.5 
pHmin - 5.0 6.0 5.0 
Relation to oxygen Obligate anaerobe Obligate anaerobe Obligate anaerobe Obligate anaerobe 







Nature Chemoorganotrophic Chemoorganotrophic Chemoorganotrophic Chemoorganotrophic 
Glucose Positive Positive Positive Positive 
Xylose Negative Negative Negative Negative 
Fructose Positive Negative Negative Negative 
Mannose NA Negative Negative Negative 
Maltose NA Negative Negative Negative 
Sucrose NA Negative Negative Negative 
Galactose NA Positive Positive Positive 
Lactose NA Negative Negative Negative 
Cellobiose Positive Positive Positive Positive 
Arabinose Positive Positive Negative Positive 
Starch NA Negative Negative Negative 
Cellulose Positive Positive Positive Positive 
Xylan Positive Positive Positive Positive 
Pectin NA Negative Negative Negative 








Acetate, CO2, H2 
Ethanol, Lactate, 
Acetate, CO2, H2 
Medium for Isolation MTC medium M medium M medium M medium 
Source Compost Hot spring Hot spring Hot spring 
Type strain 1237
T 
- - - 
Status Sp. Nov. - -  
Accession number ATCC 27405, JCM 
12338, NCIB 10682 
GenBank KX842074 GenBank KX842075 GenBank KX842076 
References (McBee, 1950; Viljoen 
et al., 1926) 
This study This study This study 
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All the three cellulolytic isolates (DBT-IOC-C2, DBT-IOC-C15 and DBT-
IOC-C19) grew on CMC, xylan, filter paper and other complex polysaccharides 
tested in the study but the capability to ferment simple sugars varied between these 
isolates (Table 2.6). Carbohydrates that were not utilized by any of the cellulolytic 
isolate included; mannose, fructose, maltose, lactose, sucrose, soluble starch and 
xylose. The closest relative C. thermocellum can utilize both cellulose and 
hemicellulose to produce mainly glucose, xylose and cellobiose while both glucose 
and cellobiose can be fermented, C. thermocellum is unable to ferment xylose 
(Akinosho et al., 2014).  
In this study, the newly isolated cellulolytic bacteria found to ferment 
cellulose and cellobiose faster besides several other substrates, a characteristic 
similar to previously described C. thermocellum strains (Freier et al., 1988; Koeck et 
al., 2015; McBee, 1950). None of the cellulolytic isolate was able to utilize xylose as 
a sole carbon and energy source even after repeated adaptation suggesting another 
resemblance with their closest relative. Interestingly, the type strain ATCC 27405
T
 
can ferment fructose, suggesting difference in the metabolic behaviour of new 
isolates from the type strain (Koeck et al., 2015). Overall these new cellulolytic 
isolates were found to have few similarities to the type strain in terms of optimal 
growth conditions (particularly isolate DBT-IOC-C2), YAS production and no 
growth on xylose. 
Isolate DBT-IOC-DC21 was also investigated for these key characteristics 
under respective optimal growth conditions. The physiological properties of the 
isolate DBT-IOC-DC21 were compared with its closest relatives and presented in 
Table 2.7. Isolate DBT-IOC-DC21 had positive growth on a range of carbohydrate 
including; glucose, xylose, cellobiose, arabinose, maltose, mannose, CMC, lactose 
and polysaccharide including; cellulose and xylan. Isolate could not grow on 
fructose, sucrose and pectin even after prolonged incubation of 7 days. With an 
ability to grow on both C6 and C5 sugars along with complex polysaccharides, 
isolate DBT-IOC-DC21 represented the potential to be a “true CBP candidate” 
among the other isolates.   
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Table 2.7 Physiological characteristics of isolate DBT-IOC-DC21 and phylogenetically 
related species 
NA, not available; C., Clostridium 
Thermophilic anaerobe C. stercorarium subsp. 
leptospartum 
C. stercorarium subsp. 
stercorarium 
Clostridium sp. strain 
DBT-IOC-DC21 
Former Name Thermobacteroides 
leptospartum 
C. stercorarium - 
Gram reaction Gram variable Gram negative Gram negative 
Growth Characteristics 
Tmax (ºC) 45 76 75 
Topt (ºC) 60 65 70 
Tmin (ºC) 71 37 45 
pHmax 6.7 - 9 
pHopt 7.5 7.3 7 
pHmin 8.9 - 4 
Relation to oxygen Obligate anaerobe Obligate anaerobe Obligate anaerobe 
Relation to temperature Extreme thermophile Extreme thermophile Extreme thermophile 
Biochemical Characteristics 
Nature Chemoorganotrophic Chemoorganotrophic Chemoorganotrophic 
Glucose Positive Positive Positive 
Xylose Positive Positive Positive 
Fructose Negative Negative Negative 
Mannose Positive Positive Positive 
Maltose Positive Positive Positive 
Sucrose Negative Negative Negative 
Galactose Positive Positive Positive 
Lactose Positive Positive Positive 
Cellobiose Positive Positive Positive 
Arabinose Negative Positive Positive 
Starch NA Positive Positive 
Cellulose Positive Positive Positive 
Pectin NA NA Negative 
Xylan Positive Positive Positive 
End Products of fermentation Glucose: Ethanol, Acetate Cellulose,Glucose,Xylan: 
Ethanol, Lactate, Acetate, 
H2, CO2 
Xylan: Ethanol, 
Lactate, Acetate, CO2, 
H2 
Medium for Isolation Defined medium Defined medium M medium 






Status Subsp. Nov.,Comb Nov. Subsp. Nov.,Comb Nov - 











References (Fardeau et al., 2001; 
Toda et al., 1988) 
(Fardeau et al., 2001; 
Madden, 1983) 
This study 
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Both the closest relatives of isolate DBT-IOC-DC21, were thermoanaerobes 
(isolated from cattle manure and compost samples) and reported to ferment a wide 
range of carbohydrates (Fardeau et al., 2001; Schellenberg et al., 2014) (Table 2.7). 
Nevertheless, with very high genetic relatedness with other subspecies of C. 
stercorarium, strain DBT-IOC-DC21 could be assigned as a novel species or 
subspecies of this group, for which the name Clostridium. sp. strain DBT-IOC-DC21 
is proposed. Although when the new isolates were compared for different 
characteristics with recognized strains of C. stercorarium, some marked 
physiological differences were observed (Table 2.7). In particular, isolate DBT-IOC-
DC21 had the ability to utilize arabinose as the sole carbon source for growth, while 
the type strain C. stercorarium subsp. leptospartum could not grow on this substrates 
(Madden, 1983). Apart from this, isolate DBT-IOC-DC21 also differed in lactose 
and galactose utilization ability compared to the reported strains of C. stercorarium 
(Table 2.7). Thus, the new isolate can be differentiated from known C. stercorarium 
strains on the basis of different substrate spectrum. 
Two predominantly sugar fermenting isolates, i.e. DBT-IOC-X2 and DBT-
IOC-G6 were also compared with their closest relatives, as shown in Table 2.8. Both 
isolates found to grow on a restricted range of sugars and fermented only glucose, 
xylose, cellobiose, arabinose, galactose and fructose. These isolates did not grow on 
any polysaccharide including cellulose, pectin, xylan, mannose and lactose (Table 
2.8). Despite the high genetic similarities of isolates DBT-IOC-X2 and DBT-IOC-
G6 with T. thermohydrosulfuricus strain E100-69
T
, a few differences remain in their 
substrate spectrums that are summarized in Table 2.8. Xylan and pectin utilization is 
one of the characteristic property the type strain of T. thermohydrosulfuricus strain 
E100-69
T
 as suggested in some previous studies (Lee et al., 1993), while both new 
isolates could ferment only simple sugars (Table 2.8).  In addition to this, new 
isolates were collected from natural thermophilic environment i.e. hot spring, while 
the former was isolated from sugar factories. Notwithstanding, in regard to isolation 
source and substrate utilization spectrum, another closest relative of the new isolates; 
T. pseudoethanolicus strain 39E (Onyenwoke et al., 2007) shared more similarities 
with strain DBT-IOC-X2, predominant being the inability of both bacteria to utilize  
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Thermophilic anaerobe T. thermohydrosulfuricus 














Gram reaction Gram variable Gram variable Gram variable Gram Negative 
Growth Characteristics 
Tmax (ºC) 78 76 75 75 
Topt (ºC) 68 65-70 65-70 70 
Tmin (ºC) 37 37 45 50 
pHmax 9.2 - 9 9 
pHopt 6.9-7.5 5.8-8.5 7 8 
pHmin 5.5 - 5 5 
Relation to oxygen Obligate anaerobe Obligate anaerobe Obligate anaerobe Obligate anaerobe 
Relation to temperature Extreme thermophile Extreme thermophile Extreme thermophile Extreme thermophile 
Biochemical Characteristics 
Nature Chemoorganotrophic Chemoorganotrophic Chemoorganotrophic Chemoorganotrophic 
Glucose Positive Positive Positive Positive 
Xylose Positive Positive Positive Positive 
Fructose Positive Positive Positive Negative 
Mannose Positive Positive Negative Negative 
Maltose Positive Positive Negative Negative 
Sucrose Positive Positive NA Positive 
Galactose Positive Positive Positive Positive 
Lactose NA Positive Negative Negative 
Cellobiose Positive Positive Positive Positive 
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  NA, not available; T., Thermoanaerobacter 
Table 2.8 in continuation..... 
Thermophilic anaerobe T. thermohydrosulfuricus 









Arabinose NA NA Positive Negative 
Starch Positive Positive Positive Positive 
Cellulose Negative Negative Negative Negative 
Pectin Positive NA Negative Negative 
Xylan Positive Negative Negative Negative 
End Products of xylose 
fermentation 
Ethanol, Lactate, 




Acetate, CO2, H2 
Ethanol, Lactate, 
Acetate, CO2, H2 
Medium for Isolation Basal medium TYEG medium M medium M medium 










 - - 
Status Comb Nov. (VP) Sp. Nov. (VP) -  
Accession number DSM 567 DSM 2355, ATCC 
33223 
GenBank KY056821 GenBankKY056822 
References (Lee et al., 1993; Wiegel 
et al., 1979) 
(Lee et al., 1993; 
Onyenwoke et al., 2007) 
This study This study 
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NA, not available; Tm., Thermoanaerobacterium 
  




Former Name C. thermosaccharolyticum - 
Gram reaction Gram negative Gram positive 
Growth Characteristics 
Tmax (ºC) 75 75 
Topt (ºC) 65-70 55-60 
Tmin (ºC) 35 45 
pHmax 8.5 8 
pHopt 5.8-7.0 7 
pHmin 3.2 5 
Relation to oxygen Obligate anaerobe Obligate anaerobe 
Relation to temperature Extreme thermophile Moderate thermophile 
Biochemical Characteristics 
Nature Chemoorganotrophic Chemoorganotrophic 
Glucose Positive Positive 
Xylose Positive Positive 
Fructose Positive Positive 
Mannose Positive Positive 
Maltose Positive Positive 
Sucrose NA Negative 
Galactose NA Negative 
Lactose Positive Negative 
Cellobiose Positive Positive 
Arabinose Positive Positive 
Starch Positive Positive 
Cellulose Negative Negative 
Pectin NA Negative 
Xylan Positive Negative 
End Products of fermentation C6: Ethanol, Lactate, Acetate, Butyrate C5: Ethanol, Lactate, 
Acetate, CO2, H2 
Medium for Isolation Defined medium M medium 




Status Comb Nov. (VP) - 
Accession number ATCC 7956, DSM 571, NCIB 9385  GenBank KX842078 
References (Collins et al., 1994; Lee et al., 1993) This study 
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Table 2.10 Summary of collected strains of thermophilic anaerobic bacteria at a glance 
 
#
Isolation sites: PHS; Puga hot spring, CHS Chumathang hot spring , and DCS; Dubagga compost site 
*Isolate with combined ability of cellulose and hemicellulose degradation along with both glucose and xylose sugar fermentation was categorized as  
CBP candidate while isolates lacking any of these characteristics are categorized as non-CBP candidates.  
Isolate-ID Assigned name Isolation site# Gram reaction Predominant characteristics Category* 
DBT-IOC-C2 Clostridium sp. 
DBT-IOC-C2 
PHS Gram variable Cellulose, xylan, cellobiose and glucose 
fermentation, No xylose fermentation 
Non-CBP 
DBT-IOC-C15 Clostridium sp. 
DBT-IOC-C15 
PHS Gram variable Cellulose, xylan, cellobiose and glucose 
fermentation, No xylose fermentation 
Non-CBP 
DBT-IOC-C19 Clostridium sp. 
DBT-IOC-C19 
PHS Gram variable Cellulose, xylan, cellobiose and glucose 
fermentation, No xylose fermentation 
Non-CBP 
DBT-IOC-DC21 Clostridium sp. 
DBT-IOC-DC21 
DCS Gram negative Xylan, cellulose, glucose, cellobiose and 
xylose fermentation 
CBP 
DBT-IOC-G6 Thermoanaerobacter sp. 
DBT-IOC-G6 
PHS Gram negative Glucose, cellobiose and xylose fermentation, 
No polysaccharide fermentation 
Non-CBP 
DBT-IOC-X2 Thermoanaerobacter sp. 
DBT-IOC-X2 
CHS Gram variable Glucose, cellobiose and xylose fermentation, 
No polysaccharide fermentation 
Non-CBP 
DBT-IOC-X4 Thermoanaerobacterium sp. 
DBT-IOC-X4 
CHS Gram positive Glucose, cellobiose and xylose fermentation, 
No polysaccharide fermentation 
Non-CBP 
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complex polysaccharides. Nevertheless, strain DBT-IOC-X2 differs from T. 
pseudethanolicus strain 39E with respect to lactose and maltose utilization (Table 
2.8). As reflected by its varying growth characteristics and genera from the other two 
sugar fermenting anaerobes, isolate DBT-IOC-X4 presented differences in substrate 
spectrum as well. The inability to utilize xylan reflected one of the major differences 
in metabolic behaviour of newly isolated bacteria with its phylogenetically closest 
relative (Table 2.9). However, predominant xylose fermentation is the common 
characteristics shared by both. 
2.4. Conclusions 
In summary, selective screening of thermophilic anaerobic bacteria on 
various substrates related to lignocellulose was found to be advantageous in isolating 
thermophilic anaerobic bacteria from compost and hot spring samples. Seven isolates 
were able to utilize different carbon sources effectively and produce ethanol as the 
major fermentation end products. Various cellulolytic and hemicellulolytic strains 
were isolated and identified as Clostridium sp. The sugar fermenting strains were 
isolated and identified as Thermoanaerobacter sp., and Thermoanaerobacterium sp.  
Specifically, the metabolic profile of sugar fermenting isolates indicates that 
these strains may have a good fermentation profile on sugars derived from real LCB 
for their application in sustainable production of ethanol. The effective utilization of 
pentose sugars and xylan by one of the isolate (DBT-IOC-DC21) in this study 
indicates its potential to metabolize hemicellulosic biomass for ethanol production 
and a detail investigation of this isolate will be presented in Chapter 5. The varying 
substrate spectrum of different isolates could be useful to derive potential co-culture 
combination for achieving single step ethanol production from real LCB. A detail of 
the novel co-culture combinations and their fermentation performance will be 
discussed in chapter 7.  
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Chapter 3: Cellulosic ethanol production via 
consolidated bioprocessing by a novel thermophilic 




This chapter has been published in the form of a research article in the Biotechnology For 
Biofuels journal (Annexure 1) 
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3.1  Introduction 
Clostridium thermocellum, a cellulolytic moderately thermophilic anaerobe, 
considered as an excellent CBP candidate due to its remarkable cellulose 
solubilization ability that lies in its cellulosome complex (Akinosho et al., 2014; 
Paye et al., 2016).  
To date, a number of C. thermocellum strains have been isolated from diverse 
natural and man-made environments which presented significant disparity in their 
physiological characteristics, substrate utilization spectrum, cellulosomal subunit 
composition and cellulose degradation potential (Freier et al., 1988; Koeck et al., 
2015; Lv & Yu, 2013; Saddler & Chan, 1984; Sato et al., 1993; Rani et al., 1997; 
Tachaapaikoon et al., 2012; Viljoen et al., 1926; Weimer & Zeikus, 1977). However, 
most of our current understanding of the ethanol fermentation employing CBP 
candidate microbes is based on fermentation of model cellulosic and hemicellulosic 
substrates (i.e. cellulose and xylan) (Argyros et al., 2011; Chinn et al., 2007; Lynd, 
1989; Zhang & Lynd, 2003). In comparison, limited studies have focused on real 
substrate based ethanol fermentation (Raman et al., 2009; Shao et al., 2011b; Yee et 
al., 2015). Nonetheless, achieving improved ethanol production from the native LCB 
is the ultimate goal for the sustainable CBP.  
In this chapter, 3 novel cellulose-degrading thermophilic anaerobic bacteria 
from Indian hot spring site, selected after primary screening (as described in chapter 
2), were further screened for their performance under optimized growth and medium 
conditions followed by the selection of most potent strain. After selection, different 
fermentation strategies were applied to enhance their single step ethanol production 
potential from real LCB. 
RSB is one of the largest lignocellulosic waste materials generated in the 
world that can potentially produce nearly 205-billion-liter ethanol per year (Belal, 
2013). In tropical countries like India, huge amount of RSB generated every year but 
a large portion of it is rendered unused and destroyed in the field by burning, 
resulting in environmental pollution (Sharma et al., 2015).  
Ethanol production by novel thermophilic anaerobic isolate/s via consolidated bioprocessing 
                                                                                                                          
                                                                                                                   94 
 
Considering the high holocellulose content (approximate 55-59%), RSB was 
used in this study as a low-cost renewable feedstock for cellulosic ethanol production 
by our novel cellulolytic isolates. Although pretreatment of biomass is an energy 
intensive and expensive step for industrial production of cellulosic ethanol (Galbe & 
Zacchi, 2007), dilute-acid pretreatment was performed in this study, to explore these 
novel candidates for its comparative performance on both native and dilute-acid PT-
RSB, during batch fermentation. To date, no information is available for testing the 
feasibility of CBP for cellulosic ethanol production employing thermophilic 
anaerobic bacteria for direct microbial fermentation of RSB.  
3.2  Materials and method 
3.2.1  Reagents and chemicals 
All chemicals, regents and gases used in this study are same as described in 
section 2.2.1.  
3.2.2  Microorganisms and growth medium 
3 cellulose-degrading thermophilic anaerobic bacteria; Clostridium sp. DBT-
IOC-C2, Clostridium sp. DBT-IOC-C15 and Clostridium sp. DBT-IOC-C19 from 
PHS, were cultivated at 60ºC in minimal medium (M), as described in Chapter 2.  C. 
thermocellum DSM 1313 was procured from the DSMZ collection and revived as 
per the provided instructions. Single colony from the grown culture of these strains 
were stored in 30% deoxygenated glycerol at -80ºC and revived before each 
experiment.  
A chemically defined, buffer based ‘minimal media for thermophilic 
Clostridia’ (MTC) (Holwerda et al., 2012), was used throughout this study. Briefly, 
MTC medium was prepared by mixing six sterile solutions under anaerobic 
conditions, unless otherwise specified. Solution A contained (per liter): resazurin 
(0.01%), carbon source at desired concentration, 5 g L
-1
 4-
Morpholinepropanesulfonic acid (MOPS) sodium salt and distilled water. 25-fold 
concentrated stock of solution B contained: citric acid tripotassium salt, citric acid 
monohydrate, NaSO4,K2HPO4, and Na2CO3. A 50-fold concentrated stock of 
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solution C contained: NH4Cl and urea. A 50-fold concentrated stock of solution D 
contained: MgCl2.6H2O, CaCl2.2H2O, FeCl2.4H2O and L-cysteine hydrochloride 
monohydrate. Concentrated stock of solution E, 100 fold contained; pyridoxamine 
dihydrochloride, p-aminobenzoic acid, D-biotin, vitamin B12, and thiamine. 1000-
fold concentrated stock of solution F contained: MnCl2.4H2O, CoCl2.6H2O, 
ZnSO4.7H2O, CuSO4.5H2O, H3BO3, Na2MoO4 and NiCl2.6H2O. The final 
concentration required to achieve 1X concentration of mixed solution is reported 
elsewhere (Dumitrache et al., 2016).  
All the solutions except solution E, were prepared by boiling and purging 
under high purity oxygen-free nitrogen gas and sterilized by autoclaving. 
Concentrated stocks of sugar and vitamin solution were prepared separately and filter 
sterilized through a 0.22 µm filter into preautoclaved anaerobic bottles. Desired 
concentration of solution A-F were added as 50 ml volume into 125 ml Wheaton 
glass serum bottles under nitrogen atmosphere (Zhou et al., 2013) and combined just 
before inoculation. The bottles were closed with blue butyl rubber stoppers and 
aluminium crimp seals. After mixing all the solutions, final pH of the media was 
adjusted to the optimum values via addition of 1 M NaOH solution, unless otherwise 
specified. 
3.2.3  Preparation of dilute-acid PT-RSB and its composition analysis 
The native and dilute-acid PT-RSB used for all fermentation experiments was 
prepared as described in section 2.2.3. All the experiments were conducted using a 
single lot of these substrates. 
3.2.4  Batch fermentation studies  
All batch fermentations were performed in 125 ml serum bottles with 50 ml 
of MTC medium supplemented with different substrates such as simple sugars 
(glucose and cellobiose), complex polysaccharides (cellulose, xylan and their 
mixture) and LCB (native and dilute-acid PT-RSB) at a final concentration of 5 g L
-
1
, unless otherwise specified. The influence of varying cellulose concentrations 
ranging from 5 g L
-1
 to 60 g L
-1
 was investigated in MTC medium (50 ml; initial pH 
Ethanol production by novel thermophilic anaerobic isolate/s via consolidated bioprocessing 
                                                                                                                          
                                                                                                                   96 
 
8.0). Inoculum for all experiments was prepared by passaging the frozen glycerol 
stocks of these strains thrice on 50 ml MTC medium containing 10 g L
-1
 cellobiose 
as the sole carbon source. Incubations were conducted anaerobically at 60°C under 
static conditions. Well-mixed samples were collected at specified time intervals for 
analysis. 
3.2.5  Sugars, inhibitors and metabolite analysis by HPLC 
End products of fermentation were analyzed for metabolites (lactate and 
acetate) and residual carbohydrates (glucose, cellobiose, xylose, and arabinose) using 
HPLC as per the protocol given in section 2.2.9. Identification of peaks was 
performed by comparison of retention times with standards area.  
3.2.6  Ethanol estimation by GC 
Ethanol was estimated using Clarus-680 Gas chromatograph, as per the 
protocol described in section 2.2.10.  All samples were appropriately diluted and 
filtered through a 0.22 μm filter before chromatographic analysis. 
3.2.7  Residual substrate determination and yield calculation 
Residual substrate concentration was determined on the basis of gravimetric 
analysis after moisture correction as described previously (Dharmagadda et al., 
2010). Briefly, the residual cellulose and biomass samples were collected at defined 
time intervals and separated from fermentation broth by centrifugation. The filtered 
material was washed with distilled water several times to remove cells and medium 
component followed by vacuum drying at 50°C for 72 h. The amount of residual 
substrate was noted when a constant weight achieved. Residual substrate amount (g) 
was calculated by subtracting the weight of substrate obtained after gravimetric 
analysis from weight of substrate (g) added before fermentation. The moisture 
content of cellulosic substrates was determined according to NREL LAP (Sluiter et 
al., 2008) using an infrared drier from Sartorius MA-150C (Model No. 000230V1) 
Germany, according to the protocol described in section 2.2.3. All measurements 
were performed after the cultures were cooled down to room temperature. The 
percentage of cellulose conversion was calculated using following formula; 
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                                             Amount of substrate added (g) - Residual substrate (g)      
                   Amount of substrate added 
Metabolite yield during fermentation was expressed as concentration of 
soluble metabolites produced (reported as mM) calculated using a molecular weight 
of 46.07 g mol
-1
 for ethanol, 60.05 g mol
-1
 for acetate and 90.08 g mol
-1
 for lactate. 
3.2.8  Statistical analysis 
All results are expressed as average with error bars (±) showing standard 
deviation and statistical significance among groups was determined as per the 
protocol described in section 2.2.13.  
3.3  Results and discussion 
3.3.1  Fermentation characteristics of 3 cellulose-degrading bacteria  
The characteristic ability of the 3 selected cellulose-degrading thermophilic 
anaerobic bacteria strain; DBT-IOC-C2, DBT-IOC-C15 and DBT-IOC-C19, to 
utilize a broad range of substrates and their optimized growth conditions are 
described in Chapter 2. As per phylogenetic analysis these strain are most closely 
related to C. thermocellum (Figure 2.5). Due to particular interest in different strains 
of C. thermocellum for CBP, a variety of growth medium formulation have been 
employed to study their cellulose fermentation characteristics (Akinosho et al., 2014; 
Fleming & Quinn, 1971; Holwerda et al., 2012; Johnson et al., 1981; Ozkan et al., 
2001; Weimer & Zeikus, 1977). 
MTC, a standard medium for C. thermocellum, is a commonly used growth 
medium that contains buffers, reducing agents, chelating agents, and growth factors 
to support and enhance fermentation by cellulose-degrading thermophilic anaerobic 
Clostridia (Holwerda et al., 2012). By comparing the cellulose fermentation profile 
of three selected cellulose-degrading isolates on MTC, these strains presented 
significant differences in ethanol production, as shown by ANOVA (Figure 3.1). 
All these strains produced YAS during growth and the main soluble 
metabolic end products were ethanol, acetate and lactate. However, the amount of 
×100 Substrate conversion (%) = 
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soluble end products produced by strains was distinctly higher on MTC medium than 
the M medium (Figure 2.1). Strain DBT-IOC-C19 displayed the most efficient 
degradation with highest corresponding total soluble metabolite concentration (56.25 
mM) and ethanol concentration (34.33 mM), than the other two strains tested and 
therefore selected for the further studies. 
 
Figure 3.1 Fermentation profile of 3 cellulolytic bacteria on MTC medium. Lowercase 
letters represents the level of significance (***p<0.001, *=0.05>p>0.01, and **= 
0.01>p>0.001), between different treatment conditions. Non significant values are labelled 
with same lowercase letters without any probability value. 
3.3.2  Effect of initial cellulose concentrations 
It is evident from some previous studies that initial cellulose concentration 
plays a dominant role to affect ethanol production rate, cellulose conversion efficacy 
and metabolic flux distribution during fermentation by thermophilic Clostridia 
(Holwerda et al., 2014; Islam et al., 2009;  Rani et al., 1997). A similar effect was 
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also observed during ethanol fermentation by strain DBT-IOC-C19, with both 
cellulose conversion (%) and ethanol concentration significantly affected when 
subjected to increasing cellulose concentrations, as shown by ANOVA (Table 3.1 
and Figure 3.2). 
 
Figure 3.2  Fermentation products of Clostridium sp. DBT-IOC-C19 at different cellulose 
concentrations. Lowercase letters represents the level of significance (***p<0.001, 
*=0.05>p>0.01, and **= 0.01>p>0.001), between different treatment conditions. Non 
significant values are labelled with same lowercase letters without any probability value. 
In this work, the optimal substrate concentration and incubation time for the 
strain DBT-IOC-C19 during fermentation was optimized. Clostridium sp. strain 
DBT-IOC-C19 exhibited degradation of cellulose at seven concentrations of 
cellulose; 5, 10, 20, 30, 40, 50 and 60 g L
-1
, as shown in Figure 3.2. Analysis of the 
end products revealed that ethanol was produced as the major soluble metabolic end 
product followed by acetate and lactate, under the experimental conditions used in 
this study (Table 3.1). Other end products included H2 and CO2 (data not shown). 
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Similar to this observation production of ethanol, acetate, lactate, H2 and CO2 by 
different strains of C. thermocellum reported in some previous studies (Freier et al., 
1988; Lamed et al., 1988; Lv & Yu, 2013; Tachaapaikoon et al., 2012). 














pH Total products 
(mM) 
5 22.87 ± 1.64 3.33 ± 0.11 8.73 ± 0.17 5.98 ± 0.03 34.92 ± 1.92 
10 34.51 ± 1.32 4.74 ± 0.11 17.40 ± 0.16 5.72 ± 0.02 56.65 ± 1.60 
20 37.09 ± 0.05 5.48 ± 0.06 21.24 ± 0.18 5.70 ± 0.02 63.82 ± 0.30 
30 33.63 ± 0.61 4.93 ± 0.08 20.23 ± 0.18 5.78 ± 0.02 58.79 ± 0.88 
40 15.80 ± 1.28 5.19 ± 0.08 14.12 ± 0.20 6.00 ± 0.05 35.10 ± 1.50 
50 12.22 ± 0.47 5.00 ± 0.11 6.36 ± 0.07 6.67 ± 0.05 23.58 ± 0.74 
60 10.67 ± 0.30 4.09 ± 0.07 5.85 ± 0.08 6.74 ± 0.04 20.61 ± 0.45 
 
Interestingly, formate was also reported as a metabolic end product for the 
type strain ATCC 27405
T
 (Rydzak et al., 2011; Sparling et al., 2006). However, 
formate production by strain DBT-IOC-C19 was not evident on any of the substrate 
tested in this study, reinforcing the difference in metabolic characteristics from the 
type strain. A 100% consumption of crystalline cellulose by strain DBT-IOC-C19 
was not observed at any of the initial cellulose concentration tested even after a 
prolonged incubation time of 144 h (Figure 3.3).  
It was observed that about 94.6% degradation was achieved at relatively low 
initial cellulose concentration of 5 g L
-1
 after at least 144 h of fermentation which 
was dropped to 7% at the highest cellulose concentration (60 g L
-1
) tested. The 
ethanol concentration decreased continuously from 37.09 mM to 10.67 mM beyond 
123 mM (20 g L
-1
) initial cellulose concentration (Table 3.1).  
The cellulose conversion observed here at 1% concentration was comparable 
to ~95% conversion observed during cellulose fermentation by strain ATCC 27405 
at equivalent cellulose concentration (Ellis et al., 2012), suggesting the cellulolytic 
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potential of the new isolate. The maximum ethanol concentration (37 mM) and total 
soluble metabolite concentration (63.82 mM) were achieved at 20 g L
-1
 initial 
cellulose concentration among all the concentrations tested (Figure 3.2). 
 
Figure 3.3 Extent of cellulose utilisation by Clostridium sp. DBT-IOC-C19 on different 
cellulose concentrations. Lowercase letters represents the level of significance (***p<0.001, 
*=0.05>p>0.01, and **= 0.01>p>0.001), between different treatment conditions. Non 
significant values are labelled with same lowercase letters without any probability value. 
However, at this concentration approximately 50% of the cellulose remain 
unutilized and the fermentation rate was nearly similar to what achieved at 10 g L
-1
 
initial cellulose concentration, indicating that the strain DBT-IOC-C19 possess 
maximum cellulose utilization ability of 10 g L
-1
 (i.e. 61.67 mM of glucose 
equivalents). This variation in cellulose utilization during the course of fermentation 
could be attributed to the decrease in the initial pH 7.5 to pH 5.70 below which the 
strain would have encountered severe inhibition of growth. 
During the growth on higher cellulose concentration, a gradual decrease in 
both cellulose consumption and total product concentration was more pronounced in 
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comparison to the lower substrate concentration (Figure 3.3). The similar effect was 
reported for other C. thermocellum strains in previous reports (Ellis et al., 2012; 
Islam et al., 2009; Wang et al., 1983; Weimer & Zeikus, 1977), suggesting the 
limited substrate tolerance of thermophilic Clostridia. In fact, at cellulose 
concentration higher than 20 g L
-1
, the amount of cellulose utilization was restricted 
to nearly 5 g L
-1
 only. While at 40 g L
-1
, 50 g L
-1
 and 60 g L
-1 
cellulose concentration 
nearly 87.22%, 91.21% and 92.4% of initial cellulose, respectively remain unutilized 
(Figure 3.3; Table 3.2). Interestingly, the formation of lactic acid remains unaffected 
even at increasing cellulose concentration and was almost similar at all the initial 
cellulose concentrations tested.  









 20 g L
-1
 30 g L
-1
 40 g L
-1
 50 g L
-1
 60 g L
-1
 
0 4.94 ± 0.07 9.97 ± 0.04 20.06 ± 0.10 30.07 ± 0.19 39.98 ± 0.20 50.17 ± 0.92 60.64 ± 0.58 
24 4.09 ± 0.12 7.48 ± 0.12 18.05 ± 0.27 28.00 ± 0.19 39.67 ± 0.06 48.20 ± 0.86 59.29 ± 0.14 
48 3.50 ± 0.11 4.59 ± 0.04 15.06 ± 0.32 26.95 ± 0.28 38.44 ± 0.08 47.05 ± 0.32 59.81 ± 0.18 
72 1.02 ± 0.03 3.42 ± 0.07 11.22 ± 0.16 25.14 ± 0.18 37.08 ± 0.18 47.18 ± 0.24 58.03 ± 0.17 
96 0.82 ± 0.07 1.95 ± 0.08 11.12 ± 0.08 22.19 ± 0.12 35.10 ± 0.20 45.94 ± 0.58 56.32 ± 0.07 
120 0.47 ± 0.07 1.85 ± 0.09 11.14 ± 0.12 22.11 ± 0.27 34.69 ± 0.24 45.77 ± 0.45 56.45 ± 0.17 
144 0.27 ± 0.07 1.72 ± 0.05 11.03 ± 0.16 22.18 ± 0.22 34.87 ± 0.08 45.97 ± 0.30 56.33 ± 0.15 
 
3.3.3  Kinetics of crystalline cellulose degradation  
Since the initial crystalline cellulose concentration of 10 g L
-1
 resulted in 
most efficient ethanol fermentation, the kinetics of cellulose consumption at 10 g L
-1
 
was characterized in more detail to get a better understanding of the underlying 
process. Lower ethanol yield and incomplete substrate utilization at higher cellulose 
concentration can be attributed to poor mass transfer and accumulation of reducing 
sugars in the medium. However, subsequent residual cellulose at lower substrate 
concentration was related to the acidification of medium mainly due to lactic acid 
production and growth suppression. These results are in agreement with previous 
studies where a strong correlation between the growth of the bacteria and increasing 
cellulose concentration have been suggested (Desvaux et al., 2000). Islam and co-
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workers have suggested an improved fermentation performance by C. thermocellum 
DSM 1237 under high cellulose concentration by varying the nutrient composition of 
the medium and a 2.3-folds increment in the yield was reported (Islam et al., 2013). 
Table 3.3 Degradation kinetics of cellulose by Clostridium sp. DBT-IOC-C19 
 
The maximum rate of cellulose degradation was measured in terms of soluble 
metabolites produced in parallel during the course of fermentation. As shown in 
Figure 3.4, fermentation end products such as ethanol, acetate and lactate as well as 
cellulose consumption increased during the first 96 h of incubation and then began to 
slow down with the drop in pH from 7.5 to 5.76. At this concentration 36 mM 
ethanol, 18.15 mM acetate and 4.88 mM lactate were produced (Table 3.3).  
Cellulose was also consumed mainly within initial 96 h (80.44% 
consumption) and only small increment (2.31%) in consumption was observed till 
144 h of fermentation. Ethanol (30.77 mM) was mainly produced within 72 h after 
which its concentration increased gradually reaching a maximum concentration 
(35.79 mM) at120 h. In contrast, acetate and lactate concentrations reached 18.15 
mM and 4.88 mM respectively during initial 96 h and eventually remained constant 
thereafter. A slight decrease in lactate and acetate production at 144 h of 
fermentation can be explained by their probable utilization as a substrate for gas 
production by the strain DBT-IOC-C19 (Figure 3.4). According to these results, the 
strain DBT-IOC-C19 achieved maximum ethanol and total product formation at 96 h 
Time 
(h) 







pH Total products 
(mM) 
0 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 7.53 ± 0.02 0.00 ± 0.00 
24 7.51 ± 0.51 0.12 ± 0.00 3.47 ± 0.13 7.11 ± 0.02 11.09 ± 0.63 
48 12.39 ± 0.57 1.64 ± 0.13 8.04 ± 0.31 6.15 ± 0.04 22.07 ± 1.01 
72 30.77 ± 1.80 4.19 ± 0.28 15.05 ± 0.70 5.85 ± 0.03 50.01 ± 2.78 
96 34.58 ± 0.64 4.88 ± 0.17 18.15 ± 0.20 5.76 ± 0.02 57.61 ± 1.01 
120 35.79 ± 1.03 4.81 ± 0.16 18.50 ± 1.58 5.74 ± 0.02 59.10 ± 2.77 
144 34.85 ± 0.78 4.80 ± 0.22 17.99 ± 1.03 5.73 ± 0.03 57.64 ± 2.03 
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of fermentation. Thus duration of fermentation for 96 h was selected for conducting 
co-culture studies. 
 
Figure 3.4 Degradation kinetics of crystalline cellulose consumption by Clostridium sp. 
DBT-IOC-C19. Level of significance is presented as ***p<0.001, *=0.05>p>0.01, and **= 
0.01>p>0.001. 
3.3.4  Comparative fermentation characteristics on lignocellulosic substrates 
A higher ethanol yield and improved cellulose conversion was evident by the 
dynamics of crystalline cellulose degradation by strain DBT-IOC-C19, as shown 
above. However, the significance of this yield needs to be compared with other 
cellulose-degrading thermoanaerobes. Therefore, fermentation studies have been 
carried out using potential CBP candidate bacteria, C. thermocellum DSM 1313, 
under the experimental conditions described in this study. Strain DSM 1313 was 
selected due to its high phylogenetic similarities (99%) to the strains DBT-IOC-C19 
(Figure 2.5) and as a most thoroughly described CBP candidate in literature (Argyros 
et al., 2011; Deng et al., 2013; Holwerda et al., 2014; Tyurin et al., 2004).  
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A. C. thermocellum DSM 1313 
 
B. Clostridium sp. DBT-IOC-C19  
 
Figure 3.5 Comparative production of fermentation end products on various substrates. 
Lowercase letters represents the level of significance (***p<0.001, *=0.05>p>0.01, and **= 
0.01>p>0.001), between different treatment conditions. Non significant values are labelled 
with same lowercase letters without any probability value. 
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The comparative fermentation performance of the novel strain DBT-IOC-
C19 and strain DSM 1313 (reference strain) on various cellulosic and non-cellulosic 
substrates including complex carbohydrates (i.e. crystalline cellulose and xylan) and 
simple sugars (i.e. cellobiose and glucose) were assessed. In general, ethanol, acetate 
and lactate were produced as the main soluble fermentation products on all the 
substrates tested, as shown in Figure 3.5 (A) and (B). However, depending upon the 
substrate, a variation in end product distribution was observed. On the basis of our 
previous observation, an initial substrate loading of 1% (w/v) cellulose (i.e. 61.67 
mM glucose equivalents) and a fermentation period of 96 h was proved to be most 
suited for performing fermentation in a closed system without pH control. Therefore, 
an equivalent substrate loading expressed as hexose/pentose equivalents of the 
different substrates tested was applied for studying the fermentation profile of both 
the strains.  
Fermentation end products on glucose and cellobiose were analyzed within 
24 h of incubation. Growth and product formation was much faster on these 
substrates than on crystalline cellulose. During glucose fermentation, the ethanol 
concentration produced by strain DSM 1313 (25.12 mM) was higher than the 
concentration achieved by strain DBT-IOC-C19 (20.42 mM) (Figure 3.5 (A) & (B)). 
Likewise, during the growth on cellobiose, ethanol yield was 32.93 mM and 26.55 
mM respectively for the strains DSM 1313 and DBT-IOC-C19 respectively (Table 
3.4). During the fermentation of avicel, strain DBT-IOC-C19 produced, 5.14 mM 
lactate, 18.67 mM acetate and 32.55 mM ethanol (Figure 3.5 (A)) and reference 
strain DSM 1313 produced 3.03 mM lactate, 22.35 mM acetate and 37.35 mM 
ethanol (Figure 3.5 (B)), indicating that the total soluble metabolite concentration of 
the newly isolated strain was comparable to the concentration achieved by the 
reference strain.  
In contrast, during hemicellulose fermentation, the ethanol concentration by 
strain DSM 1313 was 10.23 mM which was slightly lower than the ethanol 
concentration achieved by strain DBT-IOC-C19 (11.45 mM). However, the total 
soluble metabolite concentration achieved by strain DSM 1313 (18.72 mM) was 
higher than strain DBT-IOC-C19 (17.95 mM) (Table 3.4). 
Ethanol production by novel thermophilic anaerobic isolate/s via consolidated bioprocessing 
                                                                                                                          
                                                                                                                   107 
 
3.3.5  Rice straw fermentation for ethanol production 
From above studies, the potential of strain DBT-IOC-C19 to metabolize 
model polysaccharides was clear. However, a further study on real LCB is essential 
to persuade its relative importance as a potential CBP candidate for ethanol 
production. So far, single step ethanol production involving different C. 
thermocellum strains has been attempted on variety of complex LCB such as; corn 
stalk (Li & Liu, 2012), corn cobs (Wen et al., 2014), corn stover (Shao et al., 2011b), 
switchgrass (Izquierdo et al., 2014; Raman et al., 2009; Wilson et al., 2013),  populus 
(Dumitrache et al., 2016; Gupta et al., 2014; Yee et al., 2015), sugarcane bagasse 
(Blume et al., 2013; Cheng et al., 2014; Groposo et al., 2013; Tian et al., 2015), 
wheat straw (Hörmeyer et al., 1988) etc. However, in order to investigate this ability 
for strain DBT-IOC-C19 and DSM 1313, RSB in native and dilute-acid PT forms 
was used and their fermentation performance was compared. To the best of our 
knowledge, this is the first study report suggesting the direct microbial fermentation 
of RSB for cellulosic ethanol production.  
The native RSB used for the production of dilute-acid PT biomass contained 
36.9% glucan, 20% xylan, 3.5% arabinan, 13.4% lignin, 7.3% ash, 1.1% acetic acid 
and 17.8% extractives as determined by the NREL method (Sluiter et al., 2008;  
Sluiter et al., 2011). To avoid misinterpretation of the results due to the soluble 
sugars present in the native biomass, RSB was washed extensively with water at 
60ºC (the growth temperature of Clostridium sp. strain DBT-IOC-C19) for 24 h and 
the collected dried material was used as the sole carbon source for the fermentation 
studies throughout this experiment. After the dilute-acid pretreatment, the glucan and 
xylan content of RSB was changed to 70.6% and 4.2% respectively as determined by 
the composition analysis. Considering this composition, the medium with 14.16 g L
-1
 
of washed PT-RSB (after moisture correction) contained about 61.67 mM glucose 
equivalents. In this study, only glucan content of both these substrates was taken into 
consideration for determining the substrate loadings.   
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Fermentation products (mM) 
Ethanol (mM) Lactate (mM) Acetate 
(mM) 
pH Total products 
(mM) 
DBT-IOC-C19 Glucose (55.5 mM) 20.42 ± 0.04 3.54 ± 0.13 15.97 ± 0.25 5.95 ± 0.01 39.93 ± 0.42 
 Cellobiose (31 mM) 26.55 ± 1.22 4.02 ± 0.07 16.74 ± 0.27 5.85 ± 0.02 47.31 ± 1.56 
 Avicel (61.67 mM glucose equiv.) 32.55 ± 0.29 5.14 ± 0.04 18.67 ± 0.28 5.77± 0.03 56.36 ± 0.61 
 Xylan (58.6 mM xylose equiv.) 11.45 ± 0.94 2.04 ± 0.26 4.46 ± 0.06 6.56± 0.03 17.95 ± 1.26 
 PT-RSB (61.67 mM glucose equiv.) 14.15 ± 0.26 2.31 ± 0.14 9.05 ± 0.31 6.24 ± 0.04 25.52 ± 0.71 
 UT-RSB (61.67 mM glucose equiv.) 2.52 ± 0.14 0.92 ± 0.02 1.88 ± 0.04 7.35 ± 0.05 5.31 ± 0.20 
 
DSM 1313 Glucose (55.5 mM) 25.12 ± 0.54 2.74 ± 0.19 18.08 ± 0.27 5.84 ± 0.03 45.95 ± 1.00 
 Cellobiose (31 mM) 32.93 ± 0.12 2.82 ± 0.06 20.77 ± 0.79 5.76 ± 0.01 56.52 ± 0.97 
 Avicel (61.67 mM glucose equiv.) 37.35 ± 0.28 3.03 ± 0.05 22.35 ± 0.68 5.71 ± 0.02 62.73 ± 1.01 
 Xylan (58.6 mM xylose equiv.) 10.23 ± 0.53 1.21 ± 0.11 7.28 ± 0.03 6.62 ± 0.02 18.72 ± 0.68 
 PT-RSB (61.67 mM glucose equiv.) 11.93 ± 0.21 1.45 ± 0.03 10.72 ± 0.10 6.41 ± 0.04 24.09 ± 0.34 
 UT-RSB (61.67 mM glucose equiv.) 5.23 ± 0.02 0.48 ± 0.06 3.99 ± 0.02 7.16 ± 0.04 9.70 ± 0.10 
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As illustrated in Figure 3.5 (A) & (B), strain DSM 1313 and DBT-IOC-C19 
grew and utilized dilute-acid PT as well as native RSB and produced ethanol, acetate 
and lactate as the main soluble metabolic end products under their respective 
optimized growth conditions (Table 3.4). 
Ethanol production by both strains were found to be different when subjected 
to rice straw fermentation, but statistically significant, as shown by ANOVA (Figure 
3.5 (A) & (B)). At the end of fermentation, strain DBT-IOC-C19 produced 2.31 mM 
lactate, 9.05 mM acetate and 14.15 mM ethanol and strain DSM 1313 produced 
1.45mM lactate, 10.71 mM acetate and 11.93 mM ethanol, indicating that the total 
soluble metabolite concentration produced by newly isolated strain was marginally 
higher than the reference strain. The higher lactate production by strain DBT-IOC-
C19 suggested a metabolic shift in the fermentation pathway during the growth on 
PT-RSB which is suspected to be the primary reason for its higher total product 
concentration than DSM 1313. 
3.4  Conclusion 
In this study, a novel thermophilic bacterium Clostridium sp. DBT-IOC-C19 
isolated from a hot spring, effectively utilized the LCB for ethanol production in a 
single step. This study demonstrated the direct fermentation ability of the novel 
thermophilic anaerobic bacteria on various cellulosic and hemicellulosic substrates 
into ethanol without the aid of any exogenous enzymes, representing CBP based 
fermentation approach. Here, the broad substrate utilization spectrum of isolated 
cellulolytic thermophilic anaerobic bacterium was observed to be of potential utility. 
The ethanol yields produced by the WT strain in the present study are encouraging, 
though not at industrially relevant level but clearly the strain displayed single step 
conversion of biomass that positions its suitability for CBP approach. 
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Chapter 4: Sustainable production of ethanol from 
hemicellulose rich waste streams using the extremely 
thermophilic novel bacterium Thermoanaerobacter 
sp. DBT-IOC-X2 
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4.1  Introduction 
The key step in the conversion of LCB to ethanol is pretreatment, 
which is normally achieved by harsh physico-chemical methods, essential to 
improve the economics of enzymatic hydrolysis and microbial fermentation in 
subsequent steps (Balat, 2011; Soam et al., 2016). In most pretreatment, less 
recalcitrant hemicellulose polymers are partially or completely degraded to 
their constituent part including C5 sugars (xylose, arabinose, galactose and 
mannose), C6 sugars (glucose and cellobiose) and their derivatives, 
collectively called pentosans (Alvira et al., 2010; Balat, 2011; Klinke et al., 
2004). Thus, the slurry of biomass obtained after the pretreatment process is 
rich in these fermentable pentosans. However, in addition to sugars, different 
inhibitory products such as acids, phenols (vanillin, syringaldehyde) and furan 
derivatives (2-furfural and 5-HMF) are also generated (Klinke et al., 2004; 
Palmqvist & Hahn-Hägerdal, 2000). These inhibitors further complicate the 
separation of useable solid residues and cause severe inhibition to cellulase 
enzymes and fermenting organisms.  
Despite of this, due to high content of pentose sugars obtaining ethanol 
from this inhibitor rich stream is of great interest, to improve the economics of 
process (Sanchez-Nogue & Karhumaa, 2015; Sommer et al., 2004). For this 
purpose, usually a detoxification step is performed prior to fermentation, 
which leads to cost escalation (Mussatto & Roberto, 2004).  
The challenges in employing conventional mesophilic sugar fermenting 
organisms such as; Saccharomyces cerevisiae and Zymomonas mobilis is well 
known due to their inability to utilize pentoses and poor performance on 
biomass derived sugars (Klinke et al., 2004; Sanchez-Nogue & Karhumaa, 
2015). High temperature anaerobes are more advantageous such as being able 
to utilize wide range of carbohydrates, have natural resistance to fermentation 
inhibitors and several associated process benefits offered by high temperature 
conditions (>70°C) (Chang & Yao, 2011). 
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Interestingly many extremely thermophilic anaerobic bacteria possess 
inherent ability to utilize both C6 and C5 sugars (at >70°C) and natural resistance to 
fermentation inhibitors (Blumer-Schuette et al., 2008; Vanfossen et al., 2008). 
Successful ethanol production from C6 and C5 sugar-rich hydrolysate derived after 
pretreatment of different LCB such as; hemp (Jessen & Orlygsson, 2012), barley 
straw (Sigurbjornsdottir & Orlygsson, 2012), wheat straw (Georgieva et al., 2008) 
and rice straw (Tsai et al., 2011) etc. by microbial fermentation was achieved during 
high temperature conditions. However, all these studies are based on costly 
enzymatic treatment step prior to fermentation. There are so far limited reports 
available on direct ethanol production using pentose rich waste stream (PRWS) to 
achieve better cost-effectiveness of the process (Crespo et al., 2012; Liu et al., 1988; 
Sommer et al., 2004). 
The present work aimed to indicate the potential of newly isolated ethanol 
producing bacterial strain DBT-IOC-X2, as a candidate for high temperature (70°) 
ethanolic fermentation of sugar and inhibitor rich waste stream derived from PT-
RSB directly and no enzymatic treatment, detoxification or neutralization was 
performed, emphasizing the likely cost-effectiveness of the process. The effect of 
culture conditions such as; pH, temperature, concentration of inhibitor and substrates 
on fermentation performance by strain DBT-IOC-X2 were investigated in detail to 
optimize ethanol production.  
We have chosen to focus on the simultaneous co-sugar fermentation by the 
newly isolated strain, in order to acquire a basic knowledge which could be 
applicable for the fermentation of mixed sugars derived from real substrates.  Here, a 
comparison has been made between the fermentation performance of newly isolated 
hot spring strain with already established and closely related T. ethanolicus strain 
DSM 2246 (Wiegel & Ljungdahl, 1981) on various substrates. The potential of this 
strain for its application in biofuel production is also briefly discussed. 
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4.2  Material and Methods 
4.2.1   Reagents and chemicals 
All chemicals, regents and gases used in this study are same as described in 
section 2.2.1.  
4.2.2  Microorganisms and growth medium  
Thermoanaerobacter sp. DBT-IOC-X2 used in this study was isolated from 
hot water and bacterial mat samples collected from CHS, as described in chapter 2. 
A reference culture T. ethanolicus DSM 2246 was procured from the DSMZ 
collection. Pure cultures of these strains were stored in 30% deoxygenated glycerol 
at -80ºC and revived before each experiment.  
A chemically defined mineral medium M containing 0.5% (w/v) yeast extract 
was used for all the growth and fermentation studies in this chapter and prepared 
according to the protocol described in section 2.2.4. All soluble carbon sources were 
added to the autoclaved medium at a final concentration of 10 g L
-1
, unless stated 
otherwise, as filter sterilized stock solutions to avoid charring and sugar loss. The 
respective pH was adjusted just before inoculation using anaerobic stock solution of 
1M NaOH and 1M HCl. 
4.2.3  Batch fermentation studies 
All batch fermentations were carried out in 50 ml in M medium (initial pH 
8.0) supplemented with glucose and/or xylose at a final concentration of 10 g L
-1
, 
unless otherwise specified. Each experiment set was inoculated with 5% (v/v) 
inoculum from a freshly grown culture (OD600~0.8-1.0) prepared by passaging thrice 
on M medium containing 10 g L
-1 
xylose or glucose as per specific experiment. All 
bottles were incubated at 70°C in dark without shaking. Uninoculated control 
samples with carbon source were included in all the experiments. Samples were 
collected at the end of fermentation for the determination of growth, final pH, sugar 
consumption and fermentation products.  Influence of fermentation parameters such 
as: varied initial pH (4.0-9.0), initial substrates concentration (5-30 g L
-1
) and 
inhibitor concentrations; 2-furfural (0-0.8 g L
-1
), 5-HMF (0-0.8 g L
-1
) and acetic acid 
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), on ethanol production was investigated in batch experiments as described 
above. The pH of the medium was adjusted to the optimal growth value, just before 
inoculation. Kinetics of co-sugar fermentation from a mixture of glucose and xylose 
at two different concentrations (i.e. 10 g L
-1
 and 20 g L
-1
) in 50 ml M medium was 
also tested. At each time interval three bottles along with control were sacrificed for 
the determination of growth, ethanol production and sugar consumption for a period 
of 48 h.  
4.2.4  Preparation of pentose rich waste stream [PRWS] 
RSB was pre-treated by dilute-acid treatment, as described in section 2.2.3. 
After pretreatment the biomass slurry was collected in the slurry tank, cooled and 
transferred through a peristaltic pump to a high-speed centrifuge for separating 
residual solids (cellulose) and liquid (pentose rich) fractions (Figure 4.1).  
The collected liquid part was stored at 4°C throughout the study. The 
inhibitor and carbohydrate composition was determined by using HPLC, according 
to the method described in section 2.2.9. The PRWS was then supplemented with 
same concentration of remaining M medium components as described (section 
2.2.4), except any carbon source. After purging with nitrogen gas for an hour, 
prepared stream-waste medium was added to each bottle as a filter sterilized 
solution, under strict anaerobic conditions. The medium was adjusted to pH 8.0 and 
appropriately diluted to optimal sugar concentration before addition. After 
inoculation with 5% (v/v) of freshly grown culture, all the bottles were incubated 
(70°C) in dark without shaking for 24-48 h and analyzed for fermentation end 
products. Duplicate control without inoculation was included as negative control. 
4.2.5  Sugars, inhibitors and metabolite analysis by HPLC 
End products of fermentation were analyzed for metabolites (lactate and 
acetate) and residual carbohydrates (glucose, cellobiose, xylose, and arabinose) using 
HPLC as per the protocol given in section 2.2.9.  Identification of peaks was 
performed by comparison of retention times with standards area.  
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Figure 4.1 Dilute-acid pretreatment of RSB and preparation of PRWS containing medium 
4.2.6  Ethanol estimation by GC 
Ethanol was estimated using Clarus-680 Gas as per the protocol described in 
section 2.2.10.  All samples were appropriately diluted and filtered through a 0.22 
μm filter before chromatographic analysis. 
4.2.7  Yield and substrate conversion (%) 
The rates of substrate conversion were calculated by estimating consumed 
sugar and expressed in percentage. Metabolite yield reported as g L
-1
 converted to 
moles using a molecular weight of 46.07 g mol
-1 
for ethanol, 60.05 g mol
-1
 for 
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acetate and 90.08 g mol
-1
 for lactate. Further, metabolite yield as mole of ethanol 
produced per mole of consumed sugar was calculated using the theoretical maximum 
equation.  In case of sugar mix and PRWS, ethanol yield was calculated by diving 
grams of ethanol produced divided by grams of total sugar consumed. 
4.2.8  Statistical analysis  
All results are expressed as average with error bars (±) showing standard 
deviation and statistical significance among groups was determined as per the 
protocol described in section 2.2.13.  
4.3  Results and discussion 
4.3.1  Effects of initial pH on fermentation performance  
Initial culture pH plays an important influential role in determining optimal 
cell growth and fermentation of thermophilic anaerobic bacteria (Peng et al., 2016). 
To investigate the influence of initial pH on ethanol production, the strain DBT-IOC-
X2 was cultivated on M medium with xylose (10 g L
-1
) using different pH values 
ranging from 4.0 to 10.0. Figure 4.2 shows that strain presented a lower growth and 
xylose conversion at the acidic pH 4.0. Increase in the pH from 4.0 to 6.0 resulted in 
30.80% more xylose conversion. Further increase in the pH to 7.0 and 8.0 resulted in 
an impressive fermentation performance and more than 90% of xylose utilization 
(Figure 4.2). However, when cultured with an initial pH above 8.0, xylose utilization 
decreased by more than 80%. The strain exhibited maximum growth (OD600) in the 
medium with initial pH 7.0 and 8.0. The highest ethanol yields of 1.25 mol-
ethanol/mol-xylose consumed (75% of theoretical maximum) was obtained at pH 8 
and thus selected as optimum.  
For all the initial pH values tested, a significant difference in the ratio of end 
product formation by strain DBT-IOC-X2 was observed, as shown by ANOVA 
(Figure 3). Although ethanol was the main soluble metabolite for all initial culture 
pH, both ethanol and acetate yields (moles of product/moles of substrate) were 
higher when the initial pH was neutral to alkaline, compared to other pH values 
tested (Table 4.1). 
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Figure 4.2 Fermentation products of Thermoanaerobacter sp. DBT-IOC-X2 at different 
initial pH. Lowercase letters represents the level of significance (***p<0.001, 
*=0.05>p>0.01, and **= 0.01>p>0.001), between different treatment conditions. Non 
significant values are labelled with same lowercase letters without any probability value. 
Moreover, lactate yield (0.05-0.07 mol- lactate/ mol-xylose consumed) 
was minimally affected at an initial pH range of 6.0 to 9.0. Similar effect has 
been reported for T. ethanolicus (Kannan & Mutharasan, 1985), 
Thermoanaerobacter AK68 (Vipotni et al., 2016) and Thermoanaerobacter 
YS13 (Peng et al., 2016) where alkaline pH led to increased ethanol and sugar 
conversion compared to acidic pH. 
4.3.2  Effect of initial substrate loadings on fermentation  
Figure 4.3 (A) and (B) shows the effect of increasing glucose and xylose 
concentrations (5 to 30 g L
-1
) on end product formation by the strain DBT-IOC-X2. 
Both sugar conversion and ethanol concentration found to be significantly affected, 
when strain DBT-IOC-X2 was subjected to increasing concentrations of glucose and 
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xylose, as shown by ANOVA (Figure 4.3). In both cases a clear inhibition was 
observed at substrate concentration higher than 10 g L
-1
, resulted in increased 
substrate accumulation and decreased product formation. Highest ethanol yield on 
glucose (2.77 g L
-1
) and xylose (3.38 g L
-1
) was observed at 15 g L
-1
 concentration 
(Table 4.2).  
Lowering in molar conversion of ethanol from 1.67 mol-ethanol/mol-glucose 
to 0.38 mol-ethanol/mol-glucose as concentration increased from 5 to 30 g L
-1
, 
suggested a decrease of 64.64% of the theoretical maximum yield at the highest 
concentration tested. Likewise, on xylose an ethanol yield of 91.13% to 18.43% of 
the theoretical maximum was observed at the lowest and highest substrate 
concentrations respectively. Nevertheless, strain DBT-IOC-X2 presented improved 
utilization of xylose than glucose at higher concentration as well, which positions 
this strain as a ‘potential pentose fermenting strain’. The following stoichiometric 





                 1.0 Glucose 1.67 Ethanol + 0.12 Lactate + 0.30 Acetate 
     1.0 Xylose  1.52 Ethanol + 0.04 Lactate + 0.26 Acetate 
 
 
Above 20 g L
-1
 substrate concentration, no further increment in any of the 
end product was observed, suggesting an inhibitory effect. Thus, at 30 g L
-1
 
concentration more than 75% of glucose and xylose remain unutilized (Table 4.2). 
These results are in accordance with the performance of some reported 
thermoanaerobes where an inhibitory effect of increasing substrate concentration was 
predominant on end product formation (Jessen & Orlygsson, 2012; Kannan & 
Mutharasan, 1985; Koskinen et al., 2008; Sigurbjornsdottir & Orlygsson, 2012; 
Sommer et al., 2004; Vipotnik et al., 2016).  
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*Yield presented as mole of metabolite produced per mole of sugar consumed. 
  YEtOH; Ethanol yield, YA; Acetate yield and YL; Lactate yield 
 
 




) 10.00 ± 0.13 9.93 ± 0.14 10.01 ± 0.16 9.94 ± 0.21 10.07 ± 0.16 10.04 ± 0.06 9.99 ± 0.10 
YEtOH 0.13 ± 0.01 0.07 ± 0.03 0.95 ± 0.08 1.16 ± 0.04 1.25 ± 0.04 0.33 ± 0.06 0.08 ± 0.08 
YA 0.05 ± 0.01 0.14 ± 0.04 0.09± 0.03 0.23 ± 0.01 0.22 ± 0.01 0.47 ± 0.08 Trace 
YL 0.02 ± 0.00 0.06 ± 0.00 0.05 ± 0.00 0.05 ± 0.00 0.05 ± 0.00 0.06 ± 0.00 Trace 
 
Xylose conversion (%) 17.75 ± 0.58 36.29 ± 2.05 48.56 ± 2.44 91.42 ± 0.25 99.49 ± 0.07 9.91 ± 0.58 Trace 
Final pH 3.92 ± 0.12 4.72 ± 0.11 4.67 ± 0.10 4.49 ± 0.10 5.43 ± 0.12 8.76 ± 0.09 9.87 ± 0.08 
Growth 0.19 ± 0.01 0.70± 0.07 0.93 ± 0.07 2.01 ± 0.04 2.11 ± 0.01 0.21 ± 0.02 0.03 ± 0.016 
% Theoretical maximum 7.74 4.42 57.18 69.74 74.96 19.62 Trace 
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Figure 4.3 Effect of initial glucose (A) and xylose (B) concentrations on fermentation 
performance of Thermoanaerobacter sp. strain DBT-IOC-X2. Lowercase letters represents 
the level of significance (***p<0.001, *=0.05>p>0.01, and **= 0.01>p>0.001), between 
different treatment conditions. Non significant values are labelled with same lowercase 
letters without any probability value. 
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Table 4.2 Metabolite yield of Thermoanaerobacter sp. DBT-IOC-X2 at varying glucose and 
xylose concentrations 
     
 
*Yield presented as moles of metabolite produced per mole of sugar consumed.  
 
One of the main concerns in the utilization of thermophilic anaerobic 
bacteria for ethanol production is their limited substrate tolerance. Many 
thermophilic anaerobic bacteria showing high stoichiometric yield are 
inhibited by as low as 5-10 g L
-1
 substrate concentrations, with severe 
inhibition observed at higher concentration (Jessen & Orlygsson, 2012; 
Kannan & Mutharasan, 1985; Koskinen et al., 2008; Sigurbjornsdottir & 
Orlygsson, 2012; Sommer et al., 2004; Vipotnik et al., 2016). 
Moreover the reason for their lower tolerance to high substrate loadings 
might be due to limited buffer capacity of the medium resulting in pH 
declination (Jessen & Orlygsson, 2012; Kannan & Mutharasan, 1985), 
accumulation of hydrogen (Vipotnik et al., 2016; Xue et al., 2001) or 
disturbances in the osmolarity of the medium (Vipotnik et al., 2016).  
For strain DBT-IOC-X2, changes in pH from 8.0 to 6.0 at 30 g L
-1
 
substrate concentration, did not result in growth inhibition, indicating that pH 
declination is not responsible for substrate inhibition in this strain. However, 
compared to some previous strains investigated, strain DBT-IOC-X2 exhibited 
Substrate Sugar (g L
-1
) Ethanol yield* Acetate yield* Lactate yield* Sugar conversion (%) 
Glucose 5 1.67 ±0.08 0.30 ± 0.03 0.12 ± 0.01 100 ±0.00 
10 1.13 ± 0.02 0.20 ± 0.01 0.09 ± 0.01 88.71 ± 0.03 
15 1.04 ± 0.03 0.18 ± 0.02 0.08 ± 0.01 69.81 ± 2.37 
20 0.87 ± 0.07 0.15 ± 0.01 0.06 ± 0.01 57.37 ± 1.90 
25 0.66 ± 0.01 0.15 ± 0.02 0.05 ± 0.01 36.08 ± 2.78 
30 0.38 ± 0.08 0.10 ± 0.03 0.04 ± 0.01 26.37 ± 2.11 
Xylose 5 1.52 ± 0.02 0.26 ± 0.01 0.04 ± 0.07 100 ± 0.00 
10 1.11 ± 0.03 0.22 ± 0.00 0.05 ± 0.06 99.69 ± 0.05 
15 0.87 ± 0.03 0.18 ± 0.00 0.04 ± 0.02 84.02 ± 0.90 
20 0.64 ± 0.01 0.15 ± 0.01 0.03 ± 0.03 74.60 ± 0.89 
25 0.70 ± 0.09 0.10 ± 0.01 0.03 ± 0.04 30.10 ± 2.86 
30 0.30 ± 0.08 0.08 ± 0.02 0.03 ± 0.05 22.18 ± 3.35 
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4.3.3  Effect of inhibitors on ethanol production  
4.3.3.1  Impact of acetate 
Acetate is one of the major end products observed during the mixed acid 
fermentation of sugars by Thermoanaerobacter species. It is also a common inhibitor 
generated as a result of hemicellulose (acetylxylan) hydrolysis during the dilute-acid 
pretreatment of LCB (Alvira et al., 2010). To characterize the influence of acetate on 
xylose fermentation by strain DBT-IOC-X2, different concentrations of sodium 
acetate (0-0.3%), were added to the medium with 10 g L
-1
 xylose as sole carbon and 
energy source (Table 4.3). Interestingly, an initial addition of acetate up to 0.2% 
concentration caused no significant inhibition in cell growth and xylose utilization, 
as shown by ANOVA (Table 4.3). However, an increase in acetate concentration 
above 0.2% resulted in 35% decrease in xylose consumption (at 0.25% acetate 
concentration).  
Addition of acetate also resulted in changes in end product distribution even 
at the lowest concentration (0.05%) tested. As the concentration of acetate increased, 
ethanol production decreased except at the lowest acetate concentration where an 
improved ethanol yield of 3.54 g L
-1 
(1.18 mol-ethanol/mol-xylose) was observed, 
suggesting a stimulatory effect of acetate addition on ethanol production. This is in 
agreement with a previous study, where fermentation of xylose by Tm. 
thermosaccharolyticum W16 was stimulated in the presence of sodium acetate 
concentration up to 6 g L
-1 
(Ren et al., 2008). Interestingly, He et al., explained a 
consistent stimulatory effect of increasing acetate concentration up to 150 mM and 
75 mM on xylose and glucose fermentation, respectively by T. pseudoethanolicus 
strain 39E and Thermoanaerobacter strain X514 (He et al., 2009).   
Tsai et al., studied the influence of acetic acid on thermophilic pentose 
fermentation by Thermoanaerobacterium strain NTUO1 and observed increased 
growth at lower acetate concentrations however ethanol production decreased (Tsai 
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et al., 2011). This is contrary to the effect observed in this study where increase in 
both growth and ethanol production was observed. Later Ibraheem et al., provided a 
reason for the increased ethanol production in the presence of acetic acid, suggesting 
that under such conditions cells are forced to generate more ATP to maintain 
intracellular pH and produced ethanol at the cost of cell growth and thus production 
increased (Ibraheem & Ndimba, 2013). However, this increase was possible only at 
lower concentration of acetate up to 0.05%, in case of strain DBT-IOC-X2. In 
contrast to ethanol, the production of lactic acid was quenched by >50 % by the 
addition of acetate and almost no lactic acid were produced when higher 
concentration of acetate was added in the medium (Table 4.3). The reason for similar 
xylose consumption but lower ethanol production at 0.1, 0.15 and 0.2% (w/v) acetate 
concentrations can be explained by the possible redirection of metabolic flux towards 
the production of gaseous products such as H2 or CO2. 
Table 4.3 Effect of inhibitors on fermentation performance and xylose conversion (%) by 
Thermoanaerobacter sp. DBT-IOC-X2 
 
N, Not detected; Lowercase letters represents the level of significance (***p<0.001, 
*=0.05>p>0.01, and **= 0.01>p>0.001), between different treatment conditions. Non 
significant values are labelled with same lowercase letters without any probability value. 
4.3.3.2  Impact of 2-furfural and 5-HMF 
The primary breakdown products of hemicellulose are pentoses and 
their further degradation releases furfural, while 5-HMF is a degradation 
Inhibitors Fermentation products (g L
-1







5-HMF 0% 0.29 ± 0.05 0.87 ± 0.10 3.26 ± 0.13 100 ± 0.00 
5-HMF 0.2% 0.12 ± 0.03 N 0.17 ± 0.02 36.77 ± 2.82 
5-HMF 0.4% N N N 6.32 ± 1.04 
5-HMF 0.6% N N N 2.17 ± 1.64 
5-HMF 0.8% N N N 1.60 ± 0.27 
2-Furfural 0% 0.28 ± 0.03 0.92 ± 0.04 3.31 ± 0.13 100 ± 0.00 
2-Furfural 0.2% N 0.22 ± 0.02 0.03 ± 0.02 15.11 ± 2.84 
2-Furfural 0.4% N N N 1.67 ± 0.28 
2-Furfural 0.6% N
 
N N 1.20 ± 0.35 
2-Furfural 0.8% N N N 1.31 ± 0.11 




99.60 ± 0.45 






96.37 ± 0.86 






99.55 ± 0.45 






99.56 ± 0.38 




1.31 ± 0.02 98.90 ± 0.63 




63.42 ± 0.97 




48.14 ± 2.46 
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product of hexoses and generated from cellulose (Alvira et al., 2010). 
Therefore, these products are likely to be present in the slurry of PT biomass. 
These compounds have been reported to act as strong inhibitor to the 
fermentation by many microorganisms including yeast (Demeke et al., 2013) 
and bacteria (Klinke et al., 2001). To test their influence on ethanol 
production, various concentrations of 2-furfural (0-0.8 %) and 5-HMF (0-0.8 
%) were added into batch culture of strain DBT-IOC-X2 with xylose as the 
substrate. Moreover, it was observed that few studies have focussed on the 
influence of 2-furfural and 5-HMF on ethanol fermentation by high 
temperature anaerobes (He et al., 2009; Tsai et al., 2011).   
As shown in Table 4.3, strain DBT-IOC-X2 was highly sensitive to 
increasing 2-furfural and 5-HMF concentrations. Both xylose conversion and 
ethanol concentrations were significantly affected by increased inhibitor 
concentrations, as shown by ANOVA (Table 4.3). An addition of 0.2% or 
higher concentration of 2-furfural or 5-HMF caused more than 85% and 64% 
decrease in xylose consumption respectively, which is accompanied by less 
growth (OD600).  
Palmquist et al., suggested a similarity in the inhibitory mechanism of 
5-HMF and 2-furfural, which is consistent with what we observed with strain 
DBT-IOC-X2 (Palmqvist & Hahn-Hägerdal, 2000). Nevertheless, the effect of 
2-furfural inhibition was more pronounced than 5-HMF even at equal 
concentration. This was evidenced by more xylose consumption and slightly 
higher ethanol yield (~0.17 g L
-1
) by strain DBT-IOC-X2 on 5-HMF 
containing medium. At 0.2% concentration of 2-furfural, acetate was produced 
as the major fermentation product followed by trace amount of ethanol while 
no lactate was produced. In contrast to this at 0.2% 5-HMF concentration, only 
ethanol and lactate were produced as the major fermentation products while 
acetate production was not observed.  
4.3.4  Batch fermentation of sugars 
While the higher ethanol production was evident by glucose and xylose 
fermentation using strain DBT-IOC-X2, as shown above, the significance of this 
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yield needs to be compared with other thermophilic ethanol producing bacteria. 
Therefore, fermentation studies were carried out in a potential sugar fermenting and 
ethanologenic bacteria, T. ethanolicus DSM 2246, under the experimental conditions 
described in this paper. Strain DSM 2246 was selected as one of the phylogenetically 
closest relative (>99% identity) to the strain DBT-IOC-X2 and a most thoroughly 
described thermophilic ethanologen in literature.  
 Profile of end products in glucose fermentation 
During the fermentation of 10 g L
-1
 glucose  an ethanol yield of 1.23 mol 
ethanol/mol glucose (62% of the theoretical maximum) and 89.83% glucose 
conversion was observed for strain DBT-IOC-X2 (Table 4.2). Although lesser 
glucose conversion (62.44%) was recorded for strain DSM 2246 with a slightly 
higher ethanol yield of 1.48 mol-ethanol/mol-glucose (74% of theoretical 
maximum). The yields obtained in this study was lower than the enhanced yield of 
1.9 mol-ethanol/mol-glucose reported in previous study involving T. ethanolicus 
DSM 2246, however at glucose concentration below 10 g L
-1 
(Wiegel & Ljungdahl, 
1981). At 10 g L
-1 
substrate concentration strain DSM 2246 was reported to produce 
an ethanol yield of 0.75 mol-ethanol/mol-glucose with only 37% glucose 
consumption (Kannan & Mutharasan, 1985). Thus, it can be anticipated that, the 
cultivation conditions described in this paper are more favourable for strain DSM 
2246 to achieve a higher glucose consumption and ethanol yield at 10 g L
-1 
substrate 
concentration. Notably, strain DBT-IOC-X2 and DSM 2246 exhibited significant 
differences in fermentation profiles from glucose fermentation under similar growth 
conditions, as shown by ANOVA analysis (Figure 4.4).  
Strain DBT-IOC-X2 is accompanied by the formation of ethanol and acetate 
as major products followed by lactate in lesser quantity while DSM 2246 produced 
higher amounts of both acetate and lactate (Figure 4.4). This is contrary to some 
previous reports where lower lactate formation during growth on glucose by DSM 
2246 was observed (Kannan & Mutharasan, 1985; Lacis & Lawford, 1991). In this 
study, an increased ethanol yield by the ethanologenic strain DBT-IOC-X2, 
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illustrates the potential importance of this strain for ethanolic fermentation of 
glucose.  
 
Figure 4.4 Comparative fermentation profile of Thermoanaerobacter sp. DBT-IOC-X2 and 
T. ethanolicus DSM 2246 on glucose (G) and xylose (X). Lowercase letters represents the 
level of significance (***p<0.001, *=0.05>p>0.01, and **= 0.01>p>0.001), between 
different treatment conditions. Non significant values are labelled with same lowercase 
letters without any probability value. 
Profile of end products in xylose fermentation 
In a defined medium with 10 g L
-1 
xylose, strain DBT-IOC-X2 
exhibited enhanced growth and ethanol production compared to glucose 
(Table 4.4). A significant difference in xylose consumption and end product 
profile between strain DBT-IOC-X2 and DSM 2246 was also observed, as 
shown by ANOVA (Figure 4.4). During the batch fermentation of xylose by 
strain DBT-IOC-X2, ethanol was the main fermentation product yielding 1.12 
Ethanol production by novel thermophilic anaerobic isolate/s via consolidated bioprocessing 
                                                                                                                          
                                                                                                                   127 
 
mol-ethanol/mol-xylose corresponding to 68.59% of the theoretical maximum 
(Table 4.2).  
The other fermentation end products included lactate and acetate with nearly 
complete xylose consumption (97.95%). Compared to glucose, a higher substrate 
consumption and ethanol production from xylose defines that strain DBT-IOC-X2 is 
a predominantly xylose fermenting ethanologen. The consumption of xylose was 
incomplete by DSM 2246 and produced a lower ethanol yield of 0.84 mol-
ethanol/mol-xylose (50% of the theoretical maximum) was observed (Figure 4.4). A 
comparison of the metabolite production and yield on glucose and xylose showed 
that glucose was the more preferred substrate for DSM 2246. This agrees with the 
previous reports suggesting more glucose utilization by DSM 2246 strain (Lacis & 
Lawford, 1991). Although by mutation and genetic modification some derived 
strains of DSM 2246 could consume higher xylose concentration with increased 
amount of ethanol production (Lacis & Lawford, 1991). 
Table 4.4. Summary of fermentation performance of Thermoanaerobacter sp. DBT-IOC-X2 
and T. ethanolicus DSM 2246 on various substrates 
#
Yields were calculated as grams of ethanol produced per gram of substrate consumed 
PRWS; Pentose-rich waste stream; ND; Not detected 
4.3.5  Co-sugar fermentation performance 
In contrast to starch or cellulose-rich substrates, LCB contains both C6 and 
C5 sugars. For an ideal cellulosic ethanol production process simultaneous uptake 
and fermentation of both the types of sugars is desired. However, traditional 
fermenting yeast and bacteria cannot achieve this co-fermentation naturally and often 
engineered to perform this task (Weber et al., 2010). Due to broad substrate spectrum 
Strain Substrate Growth 
(OD600) 
Fermentation products (g L
-1
) Ethanol yield 
(g/g)
 # 
Ethanol Acetate Lactate 
DBT-IOC-
X2 
Glucose 2.05 ± 0.00 2.82 ± 0.09 0.89 ± 0.04 0.26 ± 0.01 0.32 ± 0.01 
Xylose 2.03 ± 0.03 3.30 ± 0.17 0.86 ± 0.04 0.33 ± 0.02 0.33 ± 0.01 
PRWS
 
ND 2.83 ± 0.17 0.67 ± 0.02 0.37 ± 0.01 0.16 ± 0.16 
DSM 2246 Glucose 1.75 ± 0.03 2.44 ± 0.05 0.56 ± 0.01 0.45 ± 0.01 0.39 ± 0.02 
Xylose 1.41 ± 0.04 1.79 ± 0.04 0.49 ± 0.05 0.14 ± 0.02 0.26 ± 0.00 
PRWS
 
ND 2.37 ± 0.09 0.48 ± 0.03 0.28 ± 0.01 0.13 ± 0.14 
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some thermophilic anaerobes are able to utilize mixture of C6 and C5 sugars to 
ethanol and hydrogen (Lin et al., 2011). However, achieving efficient fermentation 
of complex sugar mixtures in terms of ethanol yield and productivity is still 
challenging. Therefore we investigated the co-fermentation performance of strain 
DBT-IOC-X2 for ethanol production by sugar mixture. As shown in Figure 4.5 (A) 
and (B), ethanol production was significantly affected when strain DBT-IOC-X2 was 
subjected to increasing concentration of glucose and xylose sugar mixture, as shown 
by ANOVA. When a mixture of 5 g L
-1
 glucose and 5 g L
-1
 xylose was used as 
substrate for the strain DBT-IOC-X2, ethanol (2.92 g L
-1
), acetate (0.53 g L
-1
) and 
lactate (0.39 g L
-1
) were the major soluble metabolites (Figure 4.5 (A)).  
Higher growth and nearly complete total sugar consumption (>95%) was 
achieved within 48 h of batch fermentation. However, the ethanol yield was lower 
than the yield obtained on 5 g L
-1
 xylose alone. At higher concentration of mixed 
sugars consisting of 10 g L
-1
 glucose plus 10 g L
-1
 xylose, both growth and sugar 
consumption rate were affected. With maximum 12.49 g L
-1
 sugar consumption 2.87 
g L
-1
 ethanol, 0.75 g L
-1
 acetate and 0.34 g L
-1
 lactate were the major soluble 
metabolites produced (Figure 4.5 (B)). Of total sugar consumption; 80% was for 
xylose and 49.2% was for glucose, indicating that most of the metabolite yield was 
achieved through xylose fermentation reflected by the simultaneous lowering of 
available glucose and xylose at different time intervals. However, xylose was 
metabolized at a faster rate than glucose and this effect was more prominent at 
higher sugar levels.  
A similar preference of xylose over glucose was demonstrated recently for a 
genetically engineered strain of T. italicus Pentocrobe 411X (Andersen et al., 2015). 
Few previous studies also explained the effect of mixed sugars on the redistribution 
of metabolic flux and selective carbohydrate preferences by thermophilic 
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Figure 4.5 Co-sugar fermentation by Thermoanaerobacter sp. DBT-IOC-X2 at 1% (A) and 
2% (B) of sugar mixture. Lowercase letters represents the level of significance (***p<0.001, 
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*=0.05>p>0.01, and **= 0.01>p>0.001), between different treatment conditions. Non 
significant values are labelled with same lowercase letters without any probability value. 
 
4.3.6  Fermentation of pentose rich waste stream  
Strain DBT-IOC-X2 and DSM 2246 were cultivated on waste stream 
generated after dilute-acid pretreatment of RSB. Because the sugar concentration 
was too high for the tolerance level of strain DBT-IOC-X2, PRWS was diluted three 
times and supplemented to M medium component, as the only carbon source 
available. The composition of the PRWS in diluted and undiluted form is presented 
in Table 4.5.  
Table 4.5 Carbohydrate and inhibitor content of PRWS derived from PT-RSB 
 
After 48 h of incubation, strain DBT-IOC-X2 produced an ethanol yield of 
0.16 g ethanol/g sugar consumed (corresponding to 31.37% of theoretical maximum) 
during the fermentation of diluted PRWS containing 17.57 g L
-1 
of total sugars as 
substrate (Table 4.5). The amount of acetate and lactate produced from diluted 
PRWS was in good correlation to what was observed on simple sugars and sugar 
mixtures in earlier experiments (Figure 4.6).  
The total sugar consumption (11.35 g L
-1
) and metabolite production 
achieved by DSM 2246 was somewhat lower than strain DBT-IOC-X2. Apart from 
this, both the strains presented different pattern of sugar (glucose, xylose, cellobiose 
and arabinose) consumption during the fermentation of PRWS. Xylose conversion 
was higher (92.5%) by the strain DBT-IOC-X2 compared to 58.84% conversion 
achieved by the strain DSM 2246 (Table 4.4). However, arabinose (51.84%) and 
cellobiose (64.16%) conversions was higher by strain DSM 2246 compared to only 
 Undiluted PRWS (g L
-1
) Diluted PRWS (g L
-1
) 
Cellobiose 2.534 0.744 
Glucose 8.227 2.565 
Xylose 38.784 11.696 
Arabinose 8.600 2.717 
Acetic acid 0.000 0.000 
Formic acid Trace 0.000 
HMF 1.232 0.411 
Furfural 1.110 0.370 
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39.12% and 49.83% conversions respectively, achieved by strain DBT-IOC-X2. 
With very low initial concentrations both strains showed 100% conversion of 
glucose (Figure 4.6). Based on these results the carbohydrate preference was 
Glucose>Xylose>Cellobiose>Arabinose for strain DBT-IOC-X2 and 
Glucose>Cellobiose>Xylose>Arabinose for strain DSM 2246.  
Sommer et al., presented fermentation of hemicellulosic hydrolysate derived 
from wet-oxidized wheat straw (containing 6.5 g xylose/ g substrate), directly 
without any enzyme addition by a xylanolytic strain Thermoanaerobacter A10, 
which showed an ethanol yield of 0.18 g of ethanol/ g of xylose (Sommer et al., 
2004).  
   
Figure 4.6 Fermentation of PRWS by Thermoanaerobacter sp. strain DBT-IOC-X2. 
Lowercase letters represents the level of significance (***p<0.001, *=0.05>p>0.01, and **= 
0.01>p>0.001), between different treatment conditions. Non significant values are labelled 
with same lowercase letters without any probability value. 
Crespo et al., demonstrated the continuous fermentation of pentose-rich 
fraction of sugarcane bagasse-hydrolysate using immobilized Caloramator 
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boliviensis in an anaerobic packed bed reactor, with over 98% of substrate 
conversion (Crespo et al., 2012). In a recent study, Andersen et al., presented 
continuous ethanolic fermentation by a genetically engineered strain T. italicus 
Pentocrobe 411X on pentose-rich fraction (comprising glucose, xylose, arabinose 
and furfural) of dilute-acid PT wheat straw, with maximum theoretical ethanol yields 
of 0.47–0.49 g/g (Andersen et al., 2015). There are no reports so far available for 
using thermophilic pure culture for ethanol production from pentose rich fraction 
derived after dilute-acid pretreatment of RSB as a substrate. The present study is an 
initial report of ethanolic fermentation but the higher sugar conversion efficiency of 
the newly isolated strain DBT-IOC-X2 indicates its potential as a candidate for high 
temperature ethanolic fermentation. 
4.4. Conclusions 
An extremely thermophilic co-sugar fermenting novel bacterium, 
Thermoanaerobacter sp. DBT-IOC-X2, isolated from Himalayan hot spring, 
performed efficient and cost-effective ethanolic fermentation of PRWS derived from 
biomass slurry. Both initial pH and substrate concentrations significantly influenced 
ethanol production. The novel extremophilic strain DBT-IOC-X2 exhibited ethanol 
yield of up to 1.50 mol ethanol/mol xylose, highest among the known member of the 
genera Thermoanaerobacter. Additionally strain DBT-IOC-X2 has a broad substrate 
spectrum with preferential xylose fermentation ability. The approach applied here 
illustrates the potentially sustainable production of ethanol from low cost waste 
material. However, some more work is required to find out optimal dilution of waste 
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Chapter 5: Simultaneous production of ethanol and 
hydrogen from hemicellulose using novel 
thermophilic anaerobic bacteria, Clostridium sp. 
DBT-IOC-DC21
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5.1  Introduction 
Hemicellulose (comprised 20-30% portion of lignocellulose), is a branched 
polysaccharide contained sugars (mainly xylan, mannan, galactan, arabinan), 
phenolic residues (such as ferulic acid and p-coumaric acid) and may include side 
chains comprising of glucuronic acid (Saha, 2003). Due to this heterogeneity in the 
structure, a large number of products are generated during the breakdown of 
hemicellulose in contrast to cellulose (Gao et al., 2014). When considering cost-
effective conversion of the LCB to ethanol, utilization of hemicellulose (the second 
most abundant carbohydrate in nature) is becoming more and more important (Gao 
et al., 2014; Sommer et al., 2004; Zverlov & Schwarz, 2008). In addition to this, 
effective hemicellulose fermentation is an essential trait for CBP candidate organism. 
Thus, isolation and development of hemicellulose fermenting organisms is essential 
for the development of commercially sustainable ethanol production process.  
In recent years, the understanding of the biology of thermophilic anaerobic 
bacteria has been greatly advanced. Among the previously isolated thermophilic 
anaerobic bacteria; Caldicellulosiruptor bescii (Kataeva et al., 2013; Yang et al., 
2010), C. stercorarium (Adelsberger et al., 2004; Madden, 1983), T. mathranii 
(Klinke et al., 2001; Larsen et al., 1997) and Tm. saccharolyticum (Podkaminer et 
al., 2012) etc., have shown to produce ethanol/ hydrogen from direct fermentation of 
hemicellulose, albeit at very slow rates and lower yield.  
In this Chapter, the fermentation characteristics of a new hemicellulose 
fermenting anaerobic bacterium isolated from a composting facility is described in 
detail. The efficacy of bacterium with respect to increasing xylan concentration and 
varying partial pressure of hydrogen was identified. Furthermore, a comparative data 
of fermentation end products on various carbohydrates commonly found in 
lignocellulose was investigated. Here, the single step conversion of high and low 
concentration of hemicellulose-rich UT-RSB was also conducted to highlight the 
CBP potential of the isolated strain.  
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5.2  Materials and Methods 
5.2.1  Reagents and chemicals 
All chemicals, regents and gases used in this study are same as described in 
section 2.2.1.  
5.2.2  Substrates 
A powdered cellulosic, hemicellulosic substrate and RSB used in this study 
was same as described in section 2.2.3. RSB was used as such without any 
pretreatment. All the experiments were conducted using a single lot of these 
substrates. 
5.2.3  Microorganism and growth medium  
Clostridium sp. DBT-IOC-DC21 from a compost site was purified after 
selective enrichment on hemicellulose, as described in chapter 2. Pure cultures of 
this strain was stored in 30% deoxygenated glycerol at -80ºC and revived before 
each experiment. A chemically defined mineral medium M (containing 0.5% (w/v) 
yeast extract) was used for all the growth and fermentation studies in this chapter and 
prepared according to the protocol described in section 2.2.4.  
5.2.4  Batch fermentation studies 
All batch fermentations were carried out in 50 ml M medium (initial pH 7.0) 
supplemented with different substrates such as simple sugars (glucose, xylose, 
cellobiose and arabinose), complex polysaccharides (cellulose, xylan and their 
mixture) and LCB (UT-RSB) at a final concentration of 5 g L
-1
, unless otherwise 
specified. The influence of varying medium volumes ranging from 10.0 ml to 90.0 
ml in 125 ml serum bottles was investigated in M medium (initial pH 7.0), 
supplemented with 5 g L
-1 
xylan as the sole carbon and energy source. Each 
experiment set was inoculated with 10% (v/v) inoculum and incubated in dark 
without shaking for 24-96 h. Uninoculated control sample with carbon source were 
included in all experiments. Samples were collected at regular intervals for the 
determination of growth, final pH, residual sugars and fermentation products.  
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Inoculum for all experiments were prepared by sub culturing frozen glycerol 
stocks of single colony of isolate grown on M media containing 5 g L
-1 
xylose. 
Culture was incubated in the dark at 70°C for 24 h without shaking. A log-phase 
culture (OD600~0.8-1.0) obtained after three such repeated subcultures was used as 
seed to initiate each fermentation experiment. 
5.2.5  Ethanol tolerance study 
The effect of varying concentrations of exogenously added ethanol, ranging 
from 0-5% (v/v), on cell growth was monitored in 50 ml M medium with 5 g L
-1 
xylose and 5 g L
-1 
xylan as the carbon source, under optimized growth conditions. 
For each varying parameter, triplicates reaction set and duplicate control without 
inoculation were included. Culture conditions were similar as described in section 
5.2.3. Cell growth on soluble substrates was monitored by measuring OD600 of the 
cultures at the beginning and at the end of incubation while on insoluble substrates 
analysis of fermentation products was performed. For the separation of cells from 
insoluble substrates, samples were centrifuged in 1.5 ml centrifuge tube at 12,000 
rpm for 5 min. Strict anaerobic techniques were followed throughout the 
experimental manipulations.  
5.2.6  Sugars, inhibitors and metabolite analysis by HPLC 
End products of fermentation were analyzed for metabolites (lactate and 
acetate) and residual carbohydrates (glucose, cellobiose, xylose, and arabinose) using 
HPLC as per the protocol given in section 2.2.9.   
5.2.7  Ethanol estimation by GC 
Ethanol was estimated using Clarus-680 Gas Chromatograph as per the 
protocol described in section 2.2.10.   
5.2.8  Hydrogen estimation by Refinery Gas Analyser [RGA] 
Gaseous end products; H2 and CO2 in the headspace of serum bottles were 
identified by using RGA (Agilent 6890N, USA) equipped with thermal conductivity 
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detector (TCD) and a 2 m long molecular sieve packed column with 2 mm ID 
(Nucon, India) was used. Nitrogen (flow rate; 40 ml min
-1
), was used as carrier gas. 
RGA was operated at 50, 100, and 250°C, temperatures for oven, inlet port and the 
detector respectively. The gas samples from serum bottles (cooled at room 
temperature) were collected using water displacement method through a sterile 
needle as described previously (Patel et al., 2015). For each time point of analysis 
separate serum bottle was sacrificed. The amount of gas (ml) produced was 
calculated from the gas composition percentage provided by the instrument’s inbuilt 
software.  
5.2.9  Yield calculation 
Yield on xylan fermentation was expressed as concentration of soluble 
metabolites produced (reported as mM) and gaseous products accumulated (reported 
in ml). Metabolite yield on sugars was reported as mM calculated using a molecular 
weight of 46.07 g mol
-1
 for ethanol, 60.05 g mol
-1
 for acetate and 90.08 g mol
-1
 for 
lactate. In case of sugars ethanol yield was calculated by diving grams of ethanol 
produced divided by grams of total sugar consumed, calculated using the theoretical 
maximum equation. 
5.2.10  Statistical analysis 
All results are expressed as average with error bars (±) showing standard 
deviation and statistical significance among groups was determined as per the 
protocol described in section 2.2.13.  
5.3  Results and discussion 
5.3.1  Ethanol tolerance of Clostridium sp. DBT-IOC-DC21 
One of the prime challenges for industrial application of thermophilic 
Clostridia for biofuel production is its lower ethanol tolerance typically 1-2% (w/v) 
(Demain et al., 2005; Shao et al., 2011a). Herrero et. al., explained that high 
temperature conditions causes increased membrane fluidity due to alteration in fatty 
acid composition which resulted in lower ethanol tolerance, decreased substrate 
utilization and thus decreased productivity in such bacteria (Herrero & Gomez, 
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1980). With evolutionary adaptation and engineering different evolved Clostridium 
strains that could tolerate up to ≥5% (v/v) ethanol, reported in some previous study 
reports (Anieto et al., 2012; Brown et al., 2011; Shao et al., 2011a). In this study, the 
tolerance to varying level (0-5% v/v) of exogenously added ethanol was investigated 
for the strain DBT-IOC-DC21, on the basis of growth measurement (OD600) (Table 
5.1).   
Table 5.1 Ethanol tolerance of Clostridium sp. DBT-IOC-DC21 
Added ethanol % (v/v) Xylose Xylan 
0 +++ +++ 
1 +++ +++ 
2 ++ ++ 
3 ++ + 
4 - - 
5 - - 
Key to symbols; (+++) High growth, (++) Moderate growth, (~) indicates very less or no 
growth. 
During growth on xylose containing medium, strain DBT-IOC-DC21 
tolerated up to 3.0 % (v/v), added ethanol and increasing ethanol concentration up to 
3% (v/v) did not lead to any substantial growth loss. A very slight decrease in growth 
was observed at 3% (v/v) ethanol concentration, while drastic growth inhibition at 
4% or higher ethanol level, suggesting the threshold level of tolerance by the strain. 
Interestingly, during growth on xylan containing medium, comparative growth was 
observed only up to 2% (v/v) exogenously added ethanol concentration with sharp 
growth declination at higher concentration. The reason for substrate selective 
tolerance to ethanol by strain DBT-IOC-DC21 is not clear and need further 
investigation. 
5.3.2  Substrate tolerance of Clostridium sp. DBT-IOC-DC21 
It is evident from previous studies that initial substrate concentration is an 
important factor that affects fermentation performance of thermophilic anaerobic 
bacteria (Ginkel et al., 2001; Jessen & Orlygsson, 2012; Sommer et al., 2004). As 
expected, during ethanol fermentation by Clostridium sp. DBT-IOC-DC21, the ratio 
of final end products formation was significantly affected when subjected to 
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increasing xylan concentrations (5, 10, 15, 20, 25 and 30 g L
-1
), as shown by 
ANOVA (Table 5.2 and Figure 5.1). Analysis of the end products revealed that 
ethanol was the primary soluble metabolic product followed by acetate and lactate 
with other end products included H2 and CO2 (Table 5.2). 
As shown in Figure 5.1, a direct co-relation was observed between ethanol 
production and increasing xylan concentrations up to 25 g L
-1
. However, with further 
increment in xylan concentration to 30 g L
-1
, ethanol production was decreased by 
33.64% (compared to 25 g L
-1 
xylan concentration), suggesting that the concentration 
above this is too high and inhibitory for the strain (Table 5.2). Interestingly, more 
ethanol and hydrogen was accumulated when initial xylan concentration was above 
15 g L
-1
, compared to the other concentrations tested, suggesting the hemicellulolytic 
potential of the new isolate. The ethanol concentration increased continuously from 
25.27 mM to 67.29 mM beyond 25 g L
-1
 initial xylan concentration, with highest 
ethanol yield (67.29 mM) observed at initial xylan concentration of 25 g L
-1
. Strain 
DBT-IOC-DC21 produced nearly a fold higher ethanol yield when fermenting 20 to 
30 gL
-1 
xylan, compared with lower xylan concentrations, suggested that strain 
naturally possess tolerance to higher xylan concentration. In this regard, strain DBT-
IOC-DC21 seemed to be more substrate tolerant compared to other thermophilic 
Clostridia where often a lower substrate concentration of 2 to 5 g L
-1
 is inhibitory 
(Ellis et al., 2012; Islam et al., 2009; Wang et al., 1983; Weimer & Zeikus, 1977). 
Apart from ethanol, the concentration of other soluble metabolites was also 
affected with varying xylan concentrations, as shown in Figure 5.1. An increase in 
lactate production from 4.95 mM to 8.10 mM was observed with increasing xylan 
concentration from 5 to 15 g L
-1
. However, a marked decrease in lactate 
accumulation was observed at higher xylan concentrations (Figure 5.1).  
Interestingly, the formation of acetate remains unaffected with increasing 
xylan concentration up to 15 g L
-1
 and was almost similar. However, beyond 15 g L
-1
 
initial xylan concentration, acetate production presented three-fold increase compare 
to lower xylan concentrations tested (Table 5.2). As expected with higher acetate 
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production, maximum hydrogen accumulation was observed at higher xylan 
concentration of 20, 25 and 30 g L
-1
 (Figure 5.1). 
   
Figure 5.1 Effect of initial xylan concentrations on fermentation performance of Clostridium 
sp. strain DBT-IOC-DC21. Lowercase letters represents the level of significance 
(***p<0.001, *=0.05>p>0.01, and **= 0.01>p>0.001), between different treatment 
conditions. Non significant values are labelled with same lowercase letters without any 
probability value. 
The pH decline at higher xylan concentrations can be related to more acetate 
and lactate accumulation (Table 5.2). In contrast to present study, fermentation of 
higher xylan concentrations (10 and 15 g L
-1
) by newly isolated Thermoanaerobacter 
AK17 (Almarsdottir et al., 2012) and Thermoanaerobacter AK54 (Sigurbjornsdottir 
& Orlygsson, 2012) strains, suggested a marked decrease in both ethanol and 
hydrogen accumulation while lactate was the major end product. However, no such 
effect was observed in this study.  
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5.3.3  Effect of liquid to headspace ratio on ethanol and hydrogen production 
Thermophilic Clostridia can consume different carbon sources under 
obligatory anaerobic conditions and produces hydrogen in its gaseous phase as a by-
product of mixed acid fermentation pathway (Ren et al., 2016). The inhibitory effect 
of hydrogen accumulation on microbial growth termed as ‘partial pressure of 
hydrogen: PH2’, had been demonstrated for several hydrogen-producing thermophilic 
anaerobic bacteria (Brynjarsdottir et al., 2013; Collet et al., 2005; Sigurbjornsdottir 
& Orlygsson, 2012; Vipotnik et al., 2016). It is now well known fact that, culture 
conditions such as liquid-gas [L-G] volume ratio affects PH2, which plays a 
predominant role in determining metabolic flux distribution during dark fermentation 
by ethanol and hydrogen producing thermoanaerobes (Ciranna et al., 2014; Zhang, et 
al., 2012).  
An increased PH2 causes metabolic shift that resulted in the production of 
more reduced metabolites such as ethanol instead of hydrogen due to 
thermodynamically unfavourable conditions (Zhang et al., 2012). Thus, considering 
proper medium volume particularly during closed batch fermentation is an important 
factor to be considered while studying ethanolic fermentation by gas-producing 
bacteria.  
In this study, the influence of varying medium volume (10, 30, 50, 70 and 90 
ml) on ethanol and hydrogen production was investigated at lower xylan 
concentration of 5 g L
-1 
using Clostridium sp. DBT-IOC-DC21 (Figure 5.2). By 
comparing the xylan fermentation profile of strain DBT-IOC-DC21 on varying L-G 
ratios, a significant difference in ethanol and other metabolic product formation was 
observed, as shown by ANOVA (Figure 5.2). 
Clostridium sp. DBT-IOC-DC21 produced ethanol as the main soluble 
metabolic end products at all the L-G ratio (Figure 5.2).  However, the amount of 
lactate and acetate produced by strain DBT-IOC-DC21 was different.
Ethanol production by novel thermophilic anaerobic isolate/s via consolidated bioprocessing 
                                                                                                                          

























 Xylan concentration (g L
-1
) 







































Residual sugars  
Glucose (g L
-1
) 0.33 ± 0.02 0.39 ± 0.03 0.51 ± 0.02 0.85 ± 0.01 1.08 ± 0.01 1.05 ± 0.01 
Xylose (g L
-1
) 0.15 ± 0.02 1.74 ± 0.04 3.34 ± 0.25 2.47 ± 0.07 1.59 ± 0.05 4.45 ± 0.02 
Arabinose (g L
-1















E/A ratio 2.21 2.28 2.86 1.29 2.20 1.71 
Final pH 5.64 ± 0.05 5.55 ± 0.03 5.52 ± 0.03 5.32 ± 0.04 5.29 ± 0.02 5.34 ± 0.02 
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Figure 5.2 Fermentation products of Clostridium sp. strain DBT-IOC-DC21 at different 
liquid-headspace ratio. Lowercase letters represents the level of significance (***p<0.001, 
*=0.05>p>0.01, and **= 0.01>p>0.001), between different treatment conditions. Non 
significant values are labelled with same lowercase letters without any probability value. 
As shown in Figure 5.2, ethanol production increased with increasing 
medium volume from 10 to 90 ml and maximum ethanol accumulation of 28.54 mM 
was observed at the highest L-G ratio (2.57) tested. By lowering the L-G ratio from 
2.57 to 0.09, the ethanol yield dropped by 56.58 % (12.39 mM) while hydrogen 
accumulation increased (from 26.82 mM to 46.10 mM), except at the lowest ratio of 
0.09 where decreased hydrogen accumulation was observed (Table 5.3). According 
to these results, strain DBT-IOC-DC21 favoured ethanol production at higher L-G 
ratio while more hydrogen accumulation at lower L-G ratio.  
The production of acetate was variable at different L-G ratio; however, more 
accumulation was observed at low partial pressure of hydrogen (Table 5.3). A slight 
increase in acetate production from 9.08 mM to 15.54 mM was observed at L-G ratio 
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of 0.09 and 0.32 respectively, which eventually remained constant thereafter (Figure 
5.2). This suggested that acetate production was not much affected by varying L-G 
ratios. In contrast, the most predominant effect of increasing L-G ratio during xylan 
fermentation by strain DBT-IOC-DC21 was observed in redirecting metabolic flux 
away from lactate production. Lactate concentrations decreased continuously from 
11.11 mM to 3.03 mM at the lowest and highest L-G ratio, respectively.  
 
Table 5.3 Fermentation performance of Clostridium sp. DBT-IOC-DC21 at varying liquid to 
headspace ratio 
 
 Liquid to headspace ratio 
Fermentation 




































) 0.42 ± 0.01 0.42 ± 0.02 0.20 ± 0.02 0.23 ± 0.01 0.34 ± 0.01 
Xylose (g L
-1













E/A ratio 1.37 1.36 1.77 2.14 2.38 
Final pH 5.54 ± 0.05 5.42 ± 0.01 5.45 ± 0.01 5.65 ± 0.02 5.71 ± 0.03 
 
5.3.4  Comparative fermentation characteristics on various substrates 
A higher ethanol yield and versatile nature to grow on various lignocelluloses 
related substrates was evident by the xylan tolerance (Table 5.1) and wide substrate 
spectrum of strain DBT-IOC-DC21 (Table 2.7). However, to investigate the 
significance of this ability, fermentation studies have been carried out using potential 
CBP candidate strain Clostridium sp. DBT-IOC-DC21, on various substrates 
including; predominant sugars present in LCB (i.e. glucose, xylose, cellobiose and 
arabinose), complex polysaccharides (i.e. cellulose and xylan) and UT-RSB (as real 
substrate), under the experimental conditions described in this study. In general, 
ethanol, acetate, lactate and hydrogen were produced as the main fermentation 
products on all the substrates tested, as summarized in Table 5.4. However, 
depending upon the substrate, a variation in end product distribution was observed.  
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5.3.4.1  Fermentation of sugars 
Fermentation end products of strain DBT-IOC-DC21 during growth on 
different C6 and C5 sugars that are expected to be released during the degradation of 
cellulosic and hemicellulosic fraction of LCB were monitored in batch culture (70°C, 
pH 7.0), after 48 h of incubation.  
The end product yield and corresponding pH decline observed during the 
fermentation of cellobiose, glucose, xylose and arabinose as carbon source, each at 5 
g L
-1
 concentration, by strain DBT-IOC-DC21 is shown in Table 5.4 (A). Here, 
observed growth and product formation was much faster on these substrates than 
xylan. The major soluble metabolic end products were ethanol and acetate while 
lactate was the minor end product obtained irrespective of the type of sugar tested. 
Among the C6 sugars, a significant difference in both substrate conversion (%) and 
metabolic profile was observed during growth on glucose and cellobiose by strain 
DBT-IOC-DC21, as shown by ANOVA (Figure 5.3 and Table 5.4 (A)). 
 
Strain DBT-IOC-DC21 presented efficient degradation (>90% substrate 
conversion) of both glucose and disaccharide cellobiose (Table 5.4 (A)). However, 
the ethanol concentration produced by strain DBT-IOC-DC21 during cellobiose 
fermentation (35.42 mM) was higher than the concentration achieved during glucose 
fermentation (27.39 mM). Here, glucose fermentation resulted in an ethanol yield of 
0.26 g ethanol/g of glucose consumed, which corresponds to 50.34% of theoretical 
maximum yield. Although with lesser substrate consumption (indicated by unutilized 
glucose in the fermentation products) a slightly higher ethanol yield of 0.32 g 
ethanol/g of cellobiose consumed was observed during cellobiose fermentation 
(Table 5.4 (A)). 
 
In contrast to ethanol, production of acetate and lactate was not much 
affected and only slight increment was observed during growth on cellobiose 
compared to glucose (Figure 5.3). Interestingly, hydrogen accumulation was more 
during the growth on glucose compared to cellobiose by strain DBT-IOC-DC21.
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Yields were calculated as grams of ethanol produced per gram of substrate consumed. N; Not detected 
 Substrates 
Fermentation profile Cellobiose Glucose Xylose Arabinose 
Ethanol (mM) 35.42 ± 1.69 27.39 ± 1.57 43.63 ± 2.15 13.94 ± 0.48 
Acetate (mM) 18.24 ± 1.19 16.23 ± 0.71 13.63 ± 0.54 4.14 ± 0.18 
Lactate (mM) 3.00 ± 0.08 2.72 ± 0.38 2.80 ± 0.15 1.41 ± 0.34 
YEtOH
# 
0.32 ± 0.01 0.26 ± 0.01 0.40 ± 0.02 0.38 ± 0.04 
Hydrogen produced (ml) 23.45 ± 1.64 27.35 ± 1.07 34.40 ± 1.99 N 
Sugar conversion (%) >90 97.74 ± 0.42 100 ± 0.00 33.58 ± 1.43 
Theoretical maximum yield (%) N 50.34 78.61 75.72 
E/A ratio 1.94 1.69 3.20 3.37 
Final pH 5.75 ± 0.04 5.8 ± 0.02 5.62 ± 0.03 5.85 ± 0.04 
 Substrates 











































Residual sugars  
Glucose (g L
-1
) 0.78 ± 0.04 0.13 ± 0.01 0.07 ± 0.00 0.93 ± 0.02 0.03 ± 0.00 0.04 ± 0.00 
Cellobiose (g L
-1
) 0.11 ± 0.01 - 0.03 ± 0.00 0.19 ± 0.00 0.08 ± 0.02 0.15 ± 0.02 
Xylose (g L
-1















E/A ratio 2.19 2.74 5.56 4.18 2.12 1.20 
Final pH 6.02 ± 0.06 5.73 ± 0.04 5.95 ± 0.03 5.83 ± 0.03 6.35 ± 0.04 6.03 ± 0.08 
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Similar and contrasting end product profile on glucose and cellobiose 
fermentation was suggested in previous studies involving C. stercorarium strains (Le 
Ruyet et al., 1984; Madden, 1983; Sizova et al., 2011; Toda et al., 1988). In a 
previous report, C. stercorarium subsp. leptospartum, did not produce any lactate 
during glucose fermentation (Toda et al., 1988), however lactate was produced as a 
minor end products in all the substrates tested for fermentation in case of strain 
DBT-IOC-DC21 (Table 5.4 (A)). Another contrasting study suggested, lactate as the 
major end product of glucose fermentation by C. stercorarium subsp. 
thermolacticum (Le Ruyet et al., 1984). However similar to our study; ethanol, 
acetate, lactate, hydrogen, and carbon dioxide, were reported as the end product of 
glucose fermentation by C. stercorarium subsp. stercorarium (Madden, 1983) and 
few other xylan fermenting strains derived from biocompost (Sizova et al., 2011). 
The ethanol yield produced by strain DBT-IOC-DC21 at lower glucose 
concentration of 5 g L
-1
 was higher than previous reports where lower ethanol 
concentration of ~0.26 g L
-1 
(Schellenberg et al., 2014) and 0.18 g L
-1 
(Madden, 
1983) were achieved by C. stercorarium DSM 8532
T
 at 0.2% glucose concentration. 
The increased ethanol yield of 27.39 mM (~1.26 g L
-1
) observed in this study by our 
new isolates, indicating its potential of enhances ethanolic fermentation of C6 sugar.  
As stated, strain DBT-IOC-DC21 exhibited enhanced substrate conversion 
(100%) and ethanol production (43.63 mM) on xylose compared to other two 
substrates (i.e., glucose and cellobiose) tested (Figure 5.3). During the batch 
fermentation of xylose by strain DBT-IOC-DC21, ethanol was the main fermentation 
product yielding 0.40 g ethanol/g xylose consumed corresponding to 78.61% of 
theoretical maximum (Table 5.4 (A)). The other fermentation end products included 
lactate (2.80 mM) and acetate (13.63 mM) with 100% xylose consumption (Table 
5.4 (A)). As expected, maximum substrate conversion (%) was accompanied by 
greater hydrogen production (34.40 ml) when strain DBT-IOC-DC21 was grown on 
xylose. In contrast to xylose, arabinose conversion (33.58%) was not complete by the 
strain DBT-IOC-DC21 (Table 5.4 (A)), suggesting that arabinose is not the 
preferential substrate for growth and fermentation for this strain.  
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Figure 5.3 Comparative fermentation profile of Clostridium sp. strain DBT-IOC-DC21 on 
sugars. Lowercase letters represents the level of significance (***p<0.001, *=0.05>p>0.01, 
and **= 0.01>p>0.001), between different treatment conditions. Non significant values are 
labelled with same lowercase letters without any probability value. 
However, even at lower extent, arabinose fermentation is an important 
characteristic that distinguishes our new isolate from the type strain of C. 
stercorarium that cannot degrade arabinose (Table 2.7). A comparison in the 
metabolite production and yield for DBT-IOC-DC21 on arabinose and xylose 
showed that although substrate consumption rate was higher on xylose, comparative 
ethanol yield of 0.38 g ethanol/g arabinose consumed corresponding to 75.72% of 
the theoretical maximum was observed (Table 5.4 (A)). Arabinose is one of the 
abundant sugars of hemicellulose portion of lignocellulose. The higher ethanol yield 
from xylose and arabinose fermentation, defines that strain DBT-IOC-DC21 is a 
predominant pentose fermenting ethanologen. This agrees with the previous study 
reports suggesting more xylose utilization by C. stercorarium strains (Fardeau et al., 
2001; Schellenberg et al., 2014). 
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5.3.4.2  Fermentation of complex polysaccharides and their mixture 
Based on our previous observation, an initial substrate loading of 0.5 to 1% 
(w/v) xylan and a fermentation period of 96 h was proved to be most suited for 
performing fermentation of complex polysaccharides in a closed system without pH 
control. Therefore, an equivalent substrate loading was applied for studying the 
fermentation profile on complex substrates for strain DBT-IOC-DC21. 
In this study, the fermentation performance of the novel strain DBT-IOC-
DC21 on two common complex polysaccharides of plant cell wall [i.e. cellulose and 
xylan] at 5 g L
-1
 concentration and their mixture at low [2.5 g L
-1 
plus 2.5 g L
-1
] and 
high [5 g L
-1
 plus 5 g L
-1
] concentrations were assessed, as shown in Figure 5.4. In 
general, ethanol, acetate and lactate were the liquid soluble metabolites while 
hydrogen was the gaseous fermentation end products on all the substrates tested, as 
shown in Table 5.4 (B). However, a significant variation in end product distribution 
was observed on different substrates and their combinations, as shown by ANOVA 
(Figure 5.4).  
During the fermentation of cellulose, strain DBT-IOC-DC21 produced 9.92 
mM ethanol, 4.54 mM acetate and 2.21 mM lactate, indicating that ethanol was the 
major fermentation end product (Figure 5.4). Along with soluble metabolites small 
amount of hydrogen (11.33 ml) and residual sugars was also accumulated (Table 5.4 
(B)). We observed that strain DBT-IOC-DC21 had modest cellulose fermentation 
ability compared to hemicellulose fermentation performance observed in above 
studies (Figure 5.4). This is in line with previous reports where the type strain and 
different subspecies of C. stercorarium has presented inefficient fermentation of 
crystalline cellulose (Adelsberger et al., 2004; Madden, 1983; Schellenberg et al., 
2014; Zverlov & Schwarz, 2008). However, as an exception Schwarz et al., reported 
increased crystalline cellulose hydrolysis and higher ethanol production by three 
newly isolated strains of Clostridium stercorarium (Schwarz et al., 1995). 
Interestingly the ethanol production by these new isolates was higher than C. 
thermocellum. 
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Figure 5.4 Fermentation of various cellulosic substrates by Clostridium sp. strain DBT-IOC-
DC21. Lowercase letters represents the level of significance (***p<0.001, *=0.05>p>0.01, 
and **= 0.01>p>0.001), between different treatment conditions. Non significant values are 
labelled with same lowercase letters without any probability value. 
In contrast, during hemicellulose fermentation, the metabolic end product 
profile was different and a higher concentration of ethanol (26.61 mM), acetate (9.72 
mM) and lactate (5.21 mM) were observed (Figure 5.4). In this case higher acetate 
production was accompanied by 67.84% more hydrogen accumulation (35.24 ml) 
than cellulose fermentation. More acid accumulation during fermentation resulted in 
a drop of final pH to pH 5.73. Clearly the metabolic flux was shifted towards more 
acetate and hydrogen production when xylan was used as carbon and energy source. 
Such profound effect of type of substrates on fermentation performance was reported 
for some other thermophilic Clostridia. The concentration of ethanol achieved during 
xylan fermentation by strain DBT-IOC-DC21 was comparable to the previously 
reported strains of C. stercorarium (Adelsberger et al., 2004; Schellenberg et al., 
2014). 
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When strain DBT-IOC-DC21 was cultivated on a mixture of cellulose and 
xylan, the ethanol yield was increased from 23.01 mM for low concentration of 
polysaccharide mixture to 40.23 mM for high concentration of polysaccharide 
mixture used (Figure 5.4). The accumulation of hydrogen (33.92 ml) was also 
increased at higher concentration of polysaccharide mixture. This result suggested 
that when cellulose and xylan were together used as a carbon source, a drastic shift 
in metabolic flux was not observed. At lower concentration, the pattern of soluble 
metabolite profile was more or less similar to what observed during the fermentation 
of cellulose alone. Here, ethanol (23.01 mM) was the primary soluble metabolite 
followed by the production of small amount of acetate (4.46 mM) and lactate (1.33 
mM). At higher concentration of mixture as well ethanol (40.23 mM) was the 
primary soluble metabolite followed by the production of comparable amount of 
acetate (9.62 mM) and lower lactate (3.35 mM) concentration. From the above 
results, it can be noted that, strain DBT-IOC-DC21, is specialized in the utilization 
of hemicellulose (xylan, xylose and arabinose) (Table 5.4 (B)). A comparison of 
metabolite yields for strain DBT-IOC-DC21 grown on cellulose and xylan showed 
that, the fermentation of crystalline cellulose was relatively lower by strain DBT-
IOC-DC21 compare to xylan (Figure 5.4).  
A recent genome sequence and central metabolic pathway analysis of the 
type strain of C. stercorarium DSM 8532
T
 revealed that it comprised of a simple 
cellulose hydrolysing enzyme system while a suit of free hemicellulose hydrolysing 
enzymes (Adelsberger et al., 2004; Schellenberg et al., 2014). Zverlov et. al., 
reported that the culture supernatant of C. stercorarium strains NCIMB 11754 had 
higher activity for hemicellulose related substrate particularly β-glucan, 
arylglycosides and xylan compare to microcrystalline cellulose and CMC (Zverlov & 
Schwarz, 2008). A similar observation was suggested by Adelsberger et al., who 
extended their study to a possible conclusion stating that the extracellular enzyme 
system of C. stercorarium is more optimized for the degradation of xylan 
(Adelsberger et al., 2004). Thus, it can be anticipated that strain DBT-IOC-DC21 
may comprise of a similar or more efficient free hemicellulase enzyme system due to 
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which a “preferential hemicellulose hydrolysis” observed by our new isolate, was 
obvious. 
5.3.4.3  Fermentation of natural LCB 
From above studies, the potential of strain DBT-IOC-DC21 to metabolize 
model complex polysaccharides was clear. However, further studies on real 
lignocellulosic substrates are essential to endorse the CBP potential of new isolate 
for direct conversion of lignocellulose to ethanol and hydrogen.  
 
Figure 5.5 Fermentation of UT-RSB at low and high concentrations by Clostridium sp. strain 
DBT-IOC-DC21. Lowercase letters represents the level of significance (***p<0.001, 
*=0.05>p>0.01, and **= 0.01>p>0.001), between different treatment conditions. Non 
significant values are labelled with same lowercase letters without any probability value. 
Like other lignocellulosic materials native RSB contain lignin bound to 
cellulose and hemicellulose to form a complex recalcitrant structure and found to 
contained 36.9% glucan, 20% xylan, 3.5% arabinan, 13.4% lignin, 7.3% ash, 1.1% 
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acetic acid and 17.8% extractives, as determined by composition analysis (Sluiter et 
al., 2011). To avoid misinterpretation of the results due to the likely presence of 
soluble sugars in the native biomass, RSB was washed extensively with water at 
temperature of 70ºC (the growth temperature of Clostridium sp. strain DBT-IOC-
DC21) for 24 h and the collected dried material was used as the sole carbon source 
for the fermentation studies throughout this experiment. The fermentation on dried 
material was performed at two different concentrations of biomass; low (5.7 g xylose 
equivalents) and high (10.14 g xylose equivalents), as shown in Table 5.4 (B).  





 of UT-RSB (calculated after moisture correction) contained about 37.96 
mM pentose equivalents (for low substrate concentration) and 75.93 mM pentose 
equivalents (for high substrate concentration), respectively. Here, loading was 
performed essentially on the basis of xylan content only (expressed as mM of 
pentose equivalents), considering the modest fermentation performance of the strain 
DBT-IOC-DC21 on crystalline cellulose. 
As illustrated in Figure 5.5, strain DBT-IOC-DC21 grew on and fermented 
UT washed RSB and produced ethanol and acetate as the main soluble metabolic end 
products while lactate was produced as the minor end product, under respective 
optimized growth conditions and medium volume. Metabolites production by strain 
DBT-IOC-DC21 was found to be different when subjected to different 
concentrations of RSB, but statistically significant as shown by ANOVA (Figure 
5.5). After 4 days, comparable ethanol (8.28 mM and 7.54 mM) was produced at 
lower and higher concentration of UT-RSB respectively. However, acetate, lactate 
and hydrogen accumulation was more on higher RSB concentration compared to 
lower concentration of RSB (Table 5.4 (B)). The nominal performance of strain on 
this substrate compared to pure xylan can be accounted to the high crystallinity of 
raw biomass and unavailability of exposed hemicellulose portion. Thus, slower 
performance on native biomass by strain DBT-IOC-DC21 was not unexpected. In 
addition, a slower conversion rate of raw LCB by other cellulolytic Clostridia is well 
known. Despite of the fact, the ethanol yield observed here on high concentration of 
complex lignocellulosic substrate was comparable to the ethanol yield observed 
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during fermentation of pure cellulose (Table 5.4 (B)). These results emphasize the 
significance of the strain DBT-IOC-DC21 in the direct bioconversion of LCB. An 
accumulation of sugar was also observed during fermentation (Table 5.4 (B)).  
Based on this result, it was clear that strain DBT-IOC-DC21 could utilize the 
carbohydrate content of raw LCB as a source for ethanol and hydrogen production. 
The UT biomass offered no inhibition to the growth and fermentation performance 
of strain DBT-IOC-DC21, which can be optimized further.  
5.4  Conclusions 
Compost is a good source for purifying hydrogen/ethanol producing 
thermophilic anaerobic bacteria. In the search of a CBP candidate for biofuel 
production from hemicellulosic substrates a bacterial strain; Clostridium sp. strain 
DBT-IOC-DC21, had been isolated from a compost site. The results are encouraging 
in the view of feasibility of Clostridium sp. strain DBT-IOC-DC21 to produce 
ethanol and hydrogen directly from lignocellulose related substrates and UT 
biomass. The high ethanol tolerance, high sugar conversion and tolerance to higher 
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Chapter 6: Enhanced ethanol production by using 
co-culture fermentation 
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6.1  Introduction 
Cellulose-degrading and sugar fermenting thermophilic anaerobic bacterium 
as a suitable host for CBP has been proposed as an economically suited platform for 
the production of second-generation biofuels (Chang & Yao, 2011). However, end 
product inhibition, lower ethanol yield and substrate tolerances are the major 
disadvantage associated with such bacteria (Demain et al., 2005). Applying a co-
culture of C. thermocellum with other ethanologenic thermophilic anaerobic bacteria 
can improve substrate utilization and product yield due to their possible synergistic 
effect, and often is of great interest (Brethauer & Studer, 2014; Lu et al., 2006). Co-
culture could circumvent the problem of lower ethanol yields and product inhibition 
associated with most of the described thermophilic anaerobic bacteria (Zhou et al., 
2013). Along with this, the inability to utilize C5 sugar by cellulolytic strains could 
be overcome by their co-culturing with an efficient pentose sugar fermenting 
thermophilic anaerobic bacteria (Akinosho et al., 2014; Lynd et al., 2002). To 
recognize the overall objective of CBP, fermentation using co-culture of different 
cellulolytic and sugar fermenting thermophilic anaerobic bacteria has been widely 
studied as an approach to achieving improved ethanol production. In past, co-culture 
of various thermophilic anaerobic bacteria has presented significant improvement in 
fermentation performance compared to their mono-culture forms, as described in 
Table 1.1. 
We assessed mono-culture and co-culture fermentation of novel thermophilic 
anaerobic bacterium for ethanol production from various substrates under controlled 
conditions. Further, co-culture fermentation performance of newly isolated cellulose, 
hemicellulose and sugar fermenting bacteria on real LCB also performed to take 
benefit of their widely different substrate utilization spectrum.  
6.2  Materials and methods  
6.2.1  Reagents and chemicals 
All chemicals, regents and gases used in this study are same as described in 
section 2.2.1.  
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6.2.2  Microorganisms and growth medium  
Three thermophilic anaerobic bacteria; Clostridium sp. DBT-IOC-C19 
(isolated from PHS), Thermoanaerobacter sp. DBT-IOC-X2 (isolated from CHS) 
and Clostridium sp. DBT-IOC-DC21 (isolated from DCS) were used in this study, 
and their detail characterization of was presented in chapter 3, 4 and 5 respectively. 
A chemically defined mineral medium M containing 0.5% (w/v) yeast extract was 
used for all the growth and fermentation studies in this chapter and prepared 
according to the protocol described in section 2.2.4.  
6.2.3  Preparation of RSB and its composition analysis 
The native and dilute-acid PT-RSB used for all fermentation experiments was 
prepared as described in section 2.2.3 and 5.3.4.3. All the experiments were 
conducted using a single lot of these substrates. 
6.2.4  Batch fermentation studies  
All batch fermentations were performed in 125 ml serum bottles with 50 ml 
of MTC medium (initial pH 7.5) supplemented with different substrates such as, 
complex polysaccharides (cellulose, xylan and their mixture) and LCB (native and 
dilute-acid PT-RSB) at a final concentration of 5 g L
-1
, unless otherwise specified. 
Biomass was loaded as per glucan content, determined according to the procedure 
described in section 3.2.5. Each experiment set was inoculated with inoculum from 
freshly grown culture (OD600~0.8-1.0) prepared on respective carbon source as 
described in section 5.2.4. In mono-culture studies, the inoculation ratio was fixed to 
5% (v/v) of the medium. For the initiation of co-culture, mono-culture of each strain 
was passaged at least two times on the same medium containing cellobiose, prior to 
the start of fermentation studies. The co-culture set was inoculated with 2.5% (v/v) 
of each inoculum for the co-culture of two strains and 1.64% (v/v) of each inoculum 
for the co-culture of three strains. Incubations were conducted anaerobically at 60°C 
under static conditions and a starting pH 7.5. Well-mixed samples were collected at 
specified time intervals for analysis.  
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6.2.5  Sugars, inhibitors and metabolite analysis by HPLC 
End products of fermentation were analyzed for metabolites (lactate and 
acetate) and residual carbohydrates (glucose, cellobiose, xylose, and arabinose) using 
HPLC as per the protocol given in section 2.2.9.    
6.2.6  Ethanol estimation by GC 
Ethanol was estimated using Clarus-680 Gas Chromatograph as per the 
protocol described in section 2.2.10.   
6.2.7  Residual substrate determination and yield calculation 
 Residual substrate concentration, substrate conversion (%) and metabolite 
yield was determined as described in section 3.2.7.  
6.2.8  Statistical analysis 
All results are expressed as average with error bars (±) showing standard 
deviation and statistical significance among groups was determined as per the 
protocol described in section 2.2.13.  
6.3  Results and discussion  
6.3.1  Co-culture fermentation performance 
Combination of different microbial strains to improve the characteristic 
property that other strain lacks provides great potential for higher ethanol production 
especially when degradation of complex substrates is involved (Akinosho et al., 
2014; Brethauer & Studer, 2014). In recent years, substantial efforts have been 
carried out to increase ethanol and hydrogen production by applying co-culture of 
cellulolytic and non-cellulolytic thermoanaerobes, which offers advantages of 
increased ethanol yield due to their symbiotic behaviour offering  exchange of 
metabolites, improved stability and reduced lag phase etc. (Argyros et al., 2011; He 
et al., 2011; Le Ruyet et al., 1984; Mori, 1990; Ng et al., 1981). However, in 
comparison to mono-cultures access to co-culture studies involving combination of 
pure culture of anaerobic bacteria is limited, in particular details for direct 
Ethanol production by novel thermophilic anaerobic isolate/s via consolidated bioprocessing 
                                                                                                                          
                                                                                                                   159 
 
fermentation of lignocellulosic substrates (Jiang et al., 2013; Saddler & Chan, 1984; 
Wen et al., 2014; Xu & Tschirner, 2014) (Table 2.2). 
           
 
Figure 6.1 Co-culture combination strategy for the 3 selected thermophilic anaerobic 
bacteria 
In order to improve ethanol production by the WT isolates obtained in this 
study, potential cellulolytic, hemicellulolytic and sugar fermenting strains were 
combined under sterile conditions to establish their co-cultures (Figure 6.1). For this 
purpose, batch fermentation of three different combinations of novel strains; 
Clostridium sp. DBT-IOC-C19 (cellulose-degrading), Clostridium sp. DBT-IOC-
DC21 (hemicellulose-degrading) and Thermoanaerobacter sp. DBT-IOC-X2 (sugar 
fermenting) was carried out on various substrates and their ethanol production 
potential is presented in Figure 6.2. The comparative fermentation performance of 
these co-culture combinations on various substrates is summarized in Table 6.1. 
6.3.1.1  Co-culture fermentation of model lignocellulosic substrates 
The co-culture combinations (C19+X2, C19+DC21 and C19+DC21+X2) 
were tested on cellulose, xylan, and a mixture of cellulose and xylan (to mimic 
biomass) (Figure 6.2 (A), (B) & (C)). The sugar fermenting Thermoanaerobacter sp. 
DBT-IOC-X2 could not utilize complex polysaccharides due to its inability to grow 
directly on these substrates. However during co-culturing, enzymatic breakdown of 
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the complex substrates by cellulolytic strains generated soluble sugars which served 
as a carbon source for the strain DBT-IOC-X2. In turn, the removal of hydrolytic 
products in co-culture might have facilitated enzymatic degradation by cellulolytic 
strain.   
Ethanol, acetate and lactate were the main soluble metabolic end products 
produced by the tested co-cultures (Figure 6.2) but depending upon the substrates 
and culture combinations variation in the metabolic product distribution was 
observed. These differences in the product formation could be caused by the more 
rapid consumption of the substrates by the co-cultures; however, the fermentation 
products were analyzed at 96 h. Here the predominant effect of various co-culture 
combinations and substrates on ethanol production was found to be statistically 
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C. Mixture of Cellulose and Xylan 
 
Figure 6.2 Comparative performances of co-cultures and mono-cultures on model 
lignocellulosic substrates. Co-culture combinations: (A) Co-culture of cellulolytic 
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Clostridium sp. DBT-IOC-C19 and the xylanolytic Clostridium sp. DBT-IOC-DC21, (B) 
Co-culture of cellulolytic Clostridium sp. DBT-IOC-C19 and non-cellulolytic (fermenting) 
strain Thermoanaerobacter sp. DBT-IOC-X2, (C) Co-culture of cellulolytic Clostridium sp. 
DBT-IOC-C19 and xylanolytic Clostridium sp. DBT-IOC-DC21 and fermenting strain 
Thermoanaerobacter sp. DBT-IOC-X2, (D) Mono-culture xylanolytic Clostridium sp. DBT-
IOC-DC21, and (E) Mono-culture cellulolytic Clostridium sp. DBT-IOC-C19. Lowercase 
letters represents the level of significance (***p<0.001, *=0.05>p>0.01, and **= 
0.01>p>0.001), between different treatment conditions. Non significant values are labelled 
with same lowercase letters without any probability value. 
During co-culture fermentation, the ethanol yield from crystalline cellulose 
was increased from 32.55 mM for strain DBT-IOC-C19 and 7.14 mM for strain 
DBT-IOC-DC21 to 35.26 mM using their co-culture. When a sugar fermenting strain 
DBT-IOC-X2 was employed in this combination, the ethanol yield was increased to 
41.94 mM, suggesting that this combination of strains is highly efficient in 
converting crystalline cellulose to ethanol. Similar to ethanol, an improvement in 
acetate and lactate production was also observed by the co-cultures (Figure 6.2 (A)).  
For hemicellulose fermentation, an improvement in ethanol concentration 
from 11.45 mM for strain DBT-IOC-C19 to 23.76 mM for the co-culture 
C19+DC21+X2 was observed on xylan as a substrate that represents almost two 
times improvement in ethanol yield (Figure 6.2 (B)). This result emphasizes the 
significance of the co-cultures in the bioconversion of LCB rich in xylan content.  
In the simultaneously performed fermentation on a mixture of cellulose and 
xylan, the ethanol yield was increased from 20.29 mM for strain DBT-IOC-C19 and 
16.46 mM for strain DBT-IOC-DC21, to ~38 mM from the three combinations 
tested. The total soluble metabolite concentration of 32 mM was also increased to 
maximum 59 mM by the best combination of co-culture involving all the three 
strains together (Figure 6.2 (C)). This result also suggests the apparent improvement 
of hemicellulose fermentation performance by the strain DBT-IOC-C19 due to the 
combined effect of xylan fermenting strain. 
In this study, co-culturing endeavour offered a promising way to improve 
ethanol production from cellulose and hemicellulose. The yield improvement by co-
cultures represented the synergistic action of the cellulolytic and sugar fermenting 
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anaerobic bacteria. Such type of synergism is feasible in microbial consortia growing 
in natural environment (Akinosho et al., 2014). 
The favourable effect of co-culturing was recently demonstrated by Xu et al., 
who showed that co-culture of WT strains of C. thermocellum and C. 
thermolacticum resulted in enhanced ethanol yield (80 % of theoretical maximum) 
during cellulose fermentation (Xu & Tschirner, 2014). Another study demonstrated 
the effectiveness of co-culturing with C. thermocellum strain LQRI and T. 
pseudethanolicus strain X514, for improved ethanol production during batch 
fermentation (He et al., 2011). Further, this co-culture was applied to a semi 
continuous cyclic fed-batch fermentor resulting in an impressive ethanol yield of 474 
mM in 96 h with an initial higher cellulose concentration of 80 g L
-1
, under pH 
controlled conditions (Jiang et al., 2013). 
6.3.1.2  Co-culture fermentation of RSB 
Co-cultivation was found to be effective on model substrates thus these co-
culture combinations were further incubated with native and dilute-acid PT-RSB to 
test their effectiveness on real substrates (Figure 6.3 (A) and (B)). On PT-RSB at 96 
h of fermentation, the ethanol yield by the co-culture reached to 22.13 mM 
(C19+DC21), 20.49 mM (C19+X2) and 25.28 mM (C19+DC21+X2) (Figure 6.3 
(A)), suggesting nearly a two-fold improvement in yield compared to mono-culture. 
Similar observation on ethanol yield improvement was observed on native RSB as 
well using these co-culture combinations. The highest ethanol and total soluble 
metabolite concentration on washed native RSB was 9 mM and 17.33 mM, 
respectively, achieved by C19+DC21+X2 co-culture combination (Figure 6.3 (B)). 
This represents nearly 3 times improvement in ethanol yields achieved by the co-
culture than the mono-culture strain DBT-IOC-C19 (2.51 mM) and strain DBT-IOC-
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Figure 6.3 Comparative performance on co-cultures and mono-cultures on real LCB. Co-
culture combinations as described in Figure 6.2. Lowercase letters represents the level of 
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significance (***p<0.001, *=0.05>p>0.01, and **= 0.01>p>0.001), between different 
treatment conditions. Non significant values are labelled with same lowercase letters without 
any probability value. 
Previous co-culture studies demonstrating effectiveness of high temperature 
CBP to produce ethanol and hydrogen from a variety of low-cost-renewable 
feedstocks such as alkali treated corn cob (Wen et al., 2014), alkali treated sugar 
cane bagasse (Cheng & Zhu, 2013), straw-hay mixture (Koeck et al., 2015) and 
dilute-acid PT poplar and miscanthus (Svetlitchnyi et al., 2013) etc. have been 
attempted. However, this study represents the maiden report on the co-culture 
cultivation on deacetylated dilute-acid PT-RSB as substrate with the purpose of 
cellulosic ethanol production. 
Although the performance by co-culture got improved, whereas mixed acid 
fermentation of substrates by these strains makes the process complicated. Moreover, 
if the hydrolysis and fermentation performance can be further improved, an effective 
process could be developed for sustainable and cost-effective conversion of RSB to 
ethanol, suggesting their suitability for CBP approach.  
6.4  Conclusions 
In this study, a novel thermophilic bacteria described in chapter 3, 4 and 5, 
effectively utilized the LCB for ethanol production in a single step. Co-culture 
combinations of novel thermophilic anaerobic bacterium improved total soluble 
metabolite concentration compared to mono-culture. The ethanol yields produced by 
the WT co-cultures in the present study are encouraging, and positions their 
suitability for CBP approach after further development. Further, we suggest here that 
RSB has an excellent potential to serve for cellulosic ethanol production by the new 
isolates and their novel co-culture combination. 
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Fermentation products (mM) 
Ethanol (mM) Lactate (mM) Acetate (mM) pH Total products (mM) 
C19+ DC21 
Avicel (61.67 mM 
glucose equiv.) 
35.26 ± 0.75 5.13 ± 0.05 19.62 ± 0.16 5.74 ± 0.01 60.01 ± 0.96 
C19+X2 36.81 ± 0.23 5.87 ± 0.07 15.99 ± 0.36 5.77 ± 0.01 58.67 ± 0.66 
C19+DC21+X2 
41.94 ± 0.67 4.83 ± 0.06 15.22 ± 0.22 5.77 ± 0.03 61.99 ± 0.95 
   
C19+ DC21 
Xylan (58.6 mM 
xylose equiv.) 
17.52 ± 0.47 6.48 ± 0.04 11.69 ± 0.14 5.93 ± 0.03 35.69 ± 0.64 
C19+X2 11.42 ± 0.24 2.18 ± 0.06 4.83 ± 0.12 6.75 ± 0.04 18.43 ± 0.41 
C19+DC21+X2 23.76 ± 0.87 5.73 ± 0.03 16.05 ± 0.08 5.91 ± 0.02 45.54 ± 0.97 
   
C19+ DC21 Avicel (30.83 mM 
glucose equiv.) + 
Xylan (29.3 mM 
xylose equiv.) 
37.74 ± 0.46 5.54 ± 0.06 14.62 ± 0.12 5.78 ± 0.02 57.91 ± 0.64 
C19+X2 
36.95 ± 0.81 5.07 ± 0.06 13.79 ± 0.18 5.78 ± 0.02 55.81 ± 1.04 
C19+DC21+X2 
38.90 ± 0.66 5.59 ± 0.06 15.09 ± 0.16 5.75 ± 0.04 59.59 ± 0.87 





22.13 ± 0.32     3.71 ± 0.09 11.75 ± 0.27 5.92 ± 0.02 37.60 ± 0.69 
C19+X2 20.49 ± 0.08 3.18 ± 0.04 10.37 ± 0.14 5.96 ± 0.04 34.04 ± 0.27 
C19+DC21+X2 25.28 ± 1.22 4.53 ± 0.11 10.15 ± 0.37 5.93 ± 0.03 39.96 ± 1.71 
   
C19+ DC21 UT-RSB (61.67 
mM glucose 
equiv.) 
5.70 ± 0.31 1.79 ± 0.10 3.67 ± 0.12 7.19 ± 0.01 11.16 ± 0.53 
C19+X2 4.71 ± 0.55 1.42 ± 0.06 5.71 ± 0.41 7.13 ± 0.02 11.84 ± 1.03 
C19+DC21+X2 8.68 ± 0.19 2.28 ± 0.10 6.37 ± 0.27 6.82 ± 0.03 17.33 ± 0.56 
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Chapter 7: Enzymatic and fermentation 
characteristics of Clostridium thermocellum ATCC 
31924: A case study
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7.1  Introduction 
C. thermocellum has been a major focus of several groups with researchers 
attempting to increase its ethanol production level using both model cellulosic 
substrates (Argyros et al., 2011; Chinn et al., 2007; Magnusson et al., 2009; Tripathi 
et al., 2010; Tyurin et al., 2004; Zhang & Lynd, 2005) and real LCB such as; corn 
stalk (Li & Liu, 2012), corn cobs (Wen et al., 2014), corn stover (Shao et al., 2011b), 
switchgrass (Izquierdo et al., 2014; Raman et al., 2009; Wilson et al., 2013), populus 
(Dumitrache et al., 2016; Gupta et al., 2014; Yee et al., 2015), SCB (Blume et al., 
2013;  Cheng et al., 2014; Groposo et al., 2013; Tian et al., 2015) and wheat straw 
(Hörmeyer et al., 1988). Apart from this, there is a growing information about 
cellulosomal constituents and their mode of action since after discovery (Gold & 
Martin, 2007; Raman et al., 2009; Resch et al., 2013; Xu et al., 2010; Xu et al., 
2016). 
To date, a number of C. thermocellum strains with high cellulolytic activities 
have been isolated from a variety of natural and human-made environments, 
suggesting the ubiquitous nature of this bacterium (Freier et al., 1988; Koeck et al., 
2014; Lv & Yu, 2013; Saddler & Chan, 1982, 1984; Sato et al., 1993; Rani et al., 
1997; Tachaapaikoon et al., 2012; Viljoen et al., 1926; Weimer & Zeikus, 1977). 
Due to the variability in the habitats of different C. thermocellum strains, a 
significant disparity in their physiological characteristics, substrate spectrum, 
cellulosomal subunit composition and cellulose degradation efficacy was observed 
(Akinosho et al., 2014; Koeck et al., 2014; Tachaapaikoon et al., 2012). The pH and 
temperature conditions required for optimal avicelase and CMCase activity of the 
cellulosome preparation also varied from strain to strain (Moreau et al., 2015). 
Interestingly, few newly isolated strains with better fermentation properties and 
higher cellulosome hydrolytic potential compared to the known strains, have been 
suggested (Sato et al., 1993; Tachaapaikoon et al., 2012). Thus, an understanding of 
optimal operational parameters for different C. thermocellum strains will be useful 
for the development of potential CBP strain for future bio refinery application.  
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One of the C. thermocellum strain ATCC 31924 is known for its remarkable 
ability of extensive cellulose degradation and fermentation of C6 sugars to ethanol 
and other organic acids (Saddler & Chan, 1984). We observed that, while significant 
information exists on the growth and metabolic behaviour of the type strain ATCC 
27405, there are only limited reports available on fermentation performance of strain 
ATCC 31924 (Saddler & Chan, 1982, 1984).  
In this chapter, the results of investigation of optimal physiological 
conditions and fermentation characteristics for strain ATCC 31924 are presented. 
Furthermore, the hydrolytic potential of cellulosome prepared from strain ATCC 
31924 was also investigated on pure cellulose. Cellulosome was first described in the 
type strain of this bacterium (Bayer et al., 1985). So far structure and properties of 
cellulosome from few C. thermocellum strains namely; ATCC 27405 (DSM 1237), 
JW20 (ATCC 31449), LQR1 (ATCC 35609), YS, S14 (NITE-P70) and BC1 have 
been described (Koeck et al., 2014; Tachaapaikoon et al., 2012). To the best of our 
knowledge, this is the first study describing cellulosome purification by ATCC 
31924.  
There is still a great deal of interest to understand high temperature ethanolic 
fermentation of natural LCB by strains of C. thermocellum. Thus, after proving the 
general feasibility of the CBP concept with medium containing pure cellulose, we 
switched to real substrates to get further insight into the CBP potential of this strain. 
Additionally, as high cellulose concentration was rate limiting for most of the C. 
thermocellum strains reported previously (Chinn et al., 2008; Dharmagadda et al., 
2010; Islam et al., 2009), a higher glucan loadings of dilute-acid PT-biomass were 
compared to evaluate the concentration feasible for higher substrate conversion (%) 
and ethanol production by strain ATCC 31924. We report here that RSB and SCB 
have excellent potential to serve as substrate for sustainable ethanol production, 
using C. thermocellum strain ATCC 31924. 
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7.2  Materials and Methods 
7.2.1  Reagents and chemicals 
All chemicals and reagents used in this study were either analytical or 
molecular grade and procured from Sigma-Aldrich, Australia.  
7.2.2   Microorganism, Medium and inoculum preparation 
C. thermocellum strain ATCC 31924 was purchased from the American Type 
Culture Collection (Manassas, Virginia) and revived using CM4 medium 
(composition provided by ATCC, https://www.atcc.org/en/Products/All/31924.aspx) 
containing 5 g L
-1
 cellobiose as the sole carbon and energy source. Pure culture was 
stored as 2 ml aliquots in 30% deoxygenated glycerol at -80°C and revived before 
each experiment.  
MTC medium containing yeast extract (0.5% w/v) was used throughout this 
study and prepared as per the protocol described in section 3.2.2. After mixing all the 
solutions, final pH of the media was adjusted to pH 8.0, unless otherwise specified. 
Inoculum for all experiments was prepared by sub-culturing frozen glycerol 
stocks of strain ATCC 31924 in 50 ml MTC media containing 5 g L
-1
 cellobiose. 
Culture was incubated in dark at 55°C with shaking at 150 rpm for 24 h. A log-phase 
culture (OD600~1.0) obtained after three such repeated transfers was used as seed to 
initiate each fermentation experiments with 5% (v/v) inoculum size, unless otherwise 
noted.  
7.2.3  Substrates  
Model lignocellulosic substrates used for fermentation were same as 
described in section 2.2.3. Dilute-acid PT-RSB and PT-SCB were used to study 
fermentation of real LCB. Both the LCB were PT by dilute-acid treatment, as 
described in section 2.2.3.  The composition of native and dilute-acid PT biomass is 
presented in Table 7.1. All the experiments were conducted using a single lot of 
these substrates. 
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Table 7.1 Chemical analysis of native and dilute-acid PT-RSB and PT-SCB 
Component of biomass (%) UT-RSB UT-SCB PT-RSB PT-SCB 
Glucan 36.9 37.68 70.6 62.13 
Xylan 20 24.34 4.2 3.35 
Arabinan 3.5 2.49 0 0.36 
Lignin 13.4 24.28 21.1 31.87 
Ash 7.3 1.39 4.8 2.46 
Acetic acid 1.1 3.57 0 0 
Extractives 17.8 8.48 0 0 
7.2.4  Batch fermentation studies 
All batch fermentations were performed in sealed serum bottles containing 50 
ml of MTC medium with different substrates such as; cellulose, xylan, cellobiose, 
glucose and PT biomass were added to the medium at a final concentration specified 
in text.  
In fermentation experiments where varying concentration of vitamin B12 was 
added to the medium, a modified vitamin cocktail was prepared by changing vitamin 
B12 concentration (from 0 to 1000 μg L-1) in the prescribed composition suggested 
for solution E of MTC medium and used for the preparation of amended MTC-
medium before inoculation. Subsequently, varying yeast extract concentration 
(ranging from 0 to 2% w/v), were added to an altered MTC medium prepared by 
omitting vitamin cocktail from the composition.  
To test the temperature and pH optima for enhanced cellulosic (10 g L
-1
) 
fermentation, strain ATCC 31924 was inoculated in MTC medium with pH range 
from 5.0-8.0 and incubation at 60°C. For temperature optimization bottles were 
incubated at four different temperatures under optimum pH condition.  
The impact of primary fermentation end products i.e. acetate and ethanol on 
cellulosic fermentation was determined by adding varying concentrations of sodium 
acetate ranging from 15-172 mM and ethanol ranging from 0-5% v/v into the MTC-
YE medium along with 10 g L
-1
 cellulose. 5% (v/v) inoculum of strain ATCC 31924 
was used to initiate fermentation and prepared as described in section 7.2.2. 
Temperature during fermentation was constant at 55°C and initial pH was adjusted to 
8.0, unless otherwise noted. The bottles were incubated with shaking at 150 rpm for 
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0-144 h and sampling was done at regular intervals for the analysis of residual 
substrate and end product analysis.  
7.2.5  Cellulosome purification and hydrolysis assay 
Cellulosome was purified from 2 L cellulose-grown culture of strain ATCC 
31924 using optimized affinity digestion method as described previously  (St Brice 
et al., 2014). Briefly, grown culture was harvested at late-stationary phase by 
centrifugation at 12,800 x g for 30 min at 4°C. The pH of the supernatant was 
adjusted to 7.0 followed by 24 h cold adsorption to PASC (loading of 3 mg 
amorphous cellulose per mg of crude supernatant protein). On the following day, the 
pellet containing amorphous cellulose bound cellulase was collected after 
centrifugation (3000 g x 30 min x 4°C) and suspended in 20 ml dialysis buffer (10 
mM CaCl2, 50 mM Tris, 5mM Dithiothretol (DTT), sodium azide, and pH 7.0). The 
suspension was dialyzed against water at high temperature (55°C) for 5-6 h till a 
transparent suspension was observed. Water was changed frequently to avoid 
inhibition of enzymes by the degradation product. The yellow pigmented clarified 
supernatant obtained after dialysis contained purified cellulosome that was collected 
by centrifugation (3000 g x 30 min x 4°C) and used for protein and enzyme activity 
analysis according to the method described in section 7.2.7 and 7.2.8. Cellulose 
hydrolysis potential of purified cellulosome was performed in an assay volume of 75 
ml in sealed serum bottle using the method described previously (St Brice et al., 
2014; Zhang et al., 2009). Bottles were incubated at 55°C for 30 min to 144 h. 
Released sugars were determined using HPLC method, as described in section 7.2.9. 
7.2.6  SDS-Polyacrylamide gel electrophoresis [SDS-PAGE] 
Purified cellulosome was run on SDS-PAGE to visualize individual bands. 
SDS-PAGE was carried out at 150 V by using 6% polyacrylamide gel (Tris-HCl). 
Cellulase containing samples were mixed with equal volumes of loading buffer [10% 
(v/v) glycerol, 5% (v/v) DTT, and 1% (w/v) bromophenol blue in 62.5 mM Tris 
buffer (pH 6.8)] and boiled for 3 min before loading on gel (Zhang & Lynd, 2003). 
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7.2.7  Enzyme assay 
All assays were performed at 55°C under strict anaerobic conditions. 
Appropriately diluted samples including both crude culture supernatant and purified 
cellulosome were compared for their activity on various substrate such as avicel, 
filter paper, xylan and CMC using methods adapted from previous studies (Wood & 
Bhat, 1988; Zhang et al., 2009). All assays were conducted in triplicate in anaerobic 
culture tubes under strict anaerobic conditions. Appropriate enzyme blank and 
substrate blank were included for each reaction. 
For avicelase and filter paper assay, diluted samples were incubated with 
assay buffer comprised of 50 mM Tris (pH 6.8), 0.15% sodium azide, 10 mM CaCl2, 
10 mM DTT, and avicel or filter paper at 55°C for 2h (Zhang et al., 2009). Samples 
for reducing sugar estimation were collected at the beginning and end of incubation 
to nullify any misleading results. The amount of reducing sugar produced was 
determined by phenol-sulfuric acid method using glucose as standard (Nielsen, 
2010).  
Endoglucanase and xylanase activities were performed at 55°C in 20 mM 
sodium acetate buffer (pH 5.0) containing 10 mM CaCl2, 10 mM DTT and 0.5% 
sodium azide for 30 min. The amount of reducing sugars liberated from these 
substrate was determined using 3,5-dinitrosalicylic acid method using glucose or 
xylose as standard (Miller, 1959). One unit of enzyme activity was expressed as 
μmol of reducing sugars released per minute per mg of protein [U/mg]. 
7.2.8  Cell growth determination 
The bacterial growth on soluble carbon sources was monitored by measuring 
OD600 nm using UV-Vis spectrophotometer (UV-2450, Shimadzu, Japan). Cell 
growth on insoluble substrate was monitored on the basis of supernatant protein 
concentration, determined by Bio-Rad Protein Assay kit and bovine serum albumin 
as standard (Bio-Rad Laboratories Pty. Ltd., Australia) (Zhang & Lynd, 2005). 
Uninoculated cultures incubated under the same conditions were used as the control 
for determining blank. 
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7.2.9  High performance liquid chromatography  
Soluble sugars (glucose, cellobiose, xylose, and arabinose) and metabolites 
(ethanol, lactate and acetate) concentrations were determined in culture supernatant 
using 6890 chromatography apparatus (Agilent Technologies, Santa Clara, 
California) equipped with refractive index detector and a UV detector (Abraham et 
al., 2013). The products and carbohydrates were separated on an Aminex HPX-87H 
column (Bio-Rad Labs, Hercules, CA, USA) according to the same conditions as 
described in section 2.2.9.  
7.2.10  Scanning electron microscopy [SEM] 
The morphology of the structural changes of the PT biomass samples before 
and after microbial treatment were examined using SEM, as described previously 
(Abraham et al., 2013). Briefly, sample preparation was performed to make samples 
electrically conductive. Samples were vacuum dried after washing with distilled 
water and casted on an aluminium stub with adhesive double-sided carbon tape and 
air dried. Before analysis dried samples were coated with gold particles using a 
sputter coater. Images were taken using a Zeiss Supra 55 VP camera (Germany) with 
accelerated voltages of 7 and 5 kV under high vacuum conditions, and a secondary 
electron detector with a magnification of 100 μm. 
7.2.11  Residual substrate determination and yield calculation 
The amount of residual substrates and substrate conversion (%) was 
determined according to the protocol described in section 3.2.7. Metabolite yield 
during fermentation was expressed as concentration of soluble metabolites produced 
(reported as g L
-1
).  
7.2.12  Statistical analysis 
All results are expressed as average with error bars (±) showing standard 
deviation and statistical significance among groups was determined as per the 
protocol described in section 2.2.13.  
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7.3  Results and discussion 
7.3.1  Key factors influencing cellulosic ethanol fermentation  
C. thermocellum strain ATCC 31924 was cultured in MTC medium 
containing cellulose as the sole carbon and energy source to evaluate the optimal 
fermentation parameters particularly; initial pH, temperature, inoculum size, vitamin 
B12 and yeast extract concentrations for cellulosic ethanol fermentation.  
Effect of initial pH and temperature 
Temperature and pH are the key parameter that regulates ethanol 
fermentation of thermophilic anaerobic bacteria (Cheng & Zhu, 2016). Many strains 
of C. thermocellum reported so far had a temperature growth range of 55°C-70°C 
and an optimal pH value close to neutral (Lu et al., 2013; Lv & Yu, 2013; 
Tachaapaikoon et al., 2012). However, growth conditions significantly influences 
metabolic shift during C. thermocellum based cellulosic ethanol production as 
observed in some previous studies (Rydzak et al., 2009; Rydzak et al., 2011; 
Sparling et al., 2006). With an interest in achieving maximal cellulosic ethanol, 
strain ATCC 31924 was grown at four different temperatures (55°C, 60°C, 65 °C 
and 70°C; the range covering optimal values as per previous reports) and five 
different pH values (6, 6.5, 7.0, 7.5 and 8.0) using 10 g L
-1 
cellulose as the sole 
carbon and energy source (Figure 7.1 (A) and (B)). In addition, extracellular protein 
concentration was also measured in the culture supernatant as a parameter of cell 
growth. 
A chromatographic analysis of the soluble metabolites produced from 
cellulose degradation revealed the production of ethanol, acetate, lactate and formate 
as the main fermentation end products. However, a significant variation in the 
proportion of these products was observed under different experimental conditions 
used, as shown by ANOVA (Figure 7.1). Previously formate production was also 
reported for C. thermocellum strain ATCC 27405 (Rydzak et al., 2011; Sparling et 
al., 2006), suggesting the metabolic relationship between these two strains. 
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A. pH ranges 
As shown in Figure 7.1 (A), very less concentration of end products was 
observed in the pH range of 6-6.5, suggesting that acidic pH is unfavourable for the 
growth and ethanol production by ATCC 31924. This observation is in agreement 
with a report where inhibitory effect of acidic pH on cellulase enzyme activity and 
ultimately fermentation during growth on lignocellulose was observed for C. 
thermocellum strain ATCC 27405 (Cheng & Zhu, 2016). However contrary to this, 
near 100% filter paper degradation was observed for another C. thermocellum strain 
BC1 at initial pH 6.44 (Koeck et al., 2015). Such observation highlights the 
importance of these preliminary studies to define operational parameters for strains 
sharing high genetic relatedness. Ethanol was the primary soluble metabolite 
observed during fermentation at all the initial pH values tested except for pH 6, 
where acetate was accumulated at highest concentration (Figure 7.1 (A)). 
Interestingly, no lactate and format production was observed in cultures with initial 
pH 6.0.  
With slight increment in initial pH from 6.5 to 7.0, the ethanol concentration 
increased from 0.89 g L
-1
to 1.51 g L
-1
, at the end of fermentation with corresponding 
pH declination to 5.74 (Figure 7.1 (A)). With further increase in initial pH to 7.5 and 
8.0, an improved cell growth and ethanol production was observed, suggesting that 
an initial alkaline pH is favouring optimum fermentation performance of strain 
ATCC 31924. However, with comparable cellular growth highest ethanol 
concentration (2.18 g L
-1
) was observed at initial pH 8 which was 18% higher than 
the concentration observed in the culture with initial pH 7.5. With further increment 
in initial pH to 9.0, both cell growth and ethanol production decreased drastically 
(Data not shown). At this pH strain was not able to degrade crystalline cellulose at 
all possibly due to the denaturation of enzymes. Among the known C. thermocellum 
strains, only strain S14 (Tachaapaikoon et al., 2012) was reported to grow under 
highly alkaline pH conditions (pH 9.0). These results suggested that strain ATCC 
31924 had a narrow pH growth range of pH 6.5 to pH 8.0. 
Similar to ethanol, with slight variation acetate production was also increased 
under alkaline pH conditions from 0.66 g L
-1 
(at pH 6.0) to 1.13 g L
-1
 (at pH 8.0), 
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however maximum acetate production of 1.20 g L
-1
 was observed at initial pH 7.5. 
Lactate production was nearly similar (0.36 g L
-1
) at the initial pH ranges of 7.0 to 
7.5 and a slight increment to 0.54 g L
-1 
was observed at initial pH 8.0. 
A. 




























































































Figure 7.1. Effect of initial pH and temperature on cellulose fermentation by C. 
thermocellum ATCC 31924. Lowercase letters represents the level of significance 
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(***p<0.001, *=0.05>p>0.01, and **= 0.01>p>0.001), between different treatment 
conditions. Non significant values are labelled with same lowercase letters without any 
probability value. 
Except to initial culture pH 6.0, where cell growth was severely limited, 
formate production remain least affected by changes in pH conditions and a 
concentration of 0.20 g L
-1
 to 0.32 g L
-1
 was observed. As an overall effect it was 
inferred that a metabolic shift towards more acetate and ethanol production was 
observed when culture pH was greater than 7.0 and statistically significant as per 
ANOVA (Figure 7.1 (A)). Thus, an initial pH 8.0 was selected as optimal for 
cellulose fermentation by strain ATCC 31924.  
B. Temperature ranges 
In this study, the temperature limit for cellulose fermentation has been 
investigated in detail at optimum pH 8.0 for the strain ATCC 31924. As shown in 
Figure 7.1 (B), ethanol production decreased with increasing temperature. At the 
highest temperature of 70°C, lowest growth and ethanol production was observed 
suggesting that Tmax for strain ATCC 31924 is below 70°C. In addition, a dramatic 
drop in ethanol production was observed at temperatures above 60°C.  This 
observation is in-line with previous reports where Tmax<70°C suggested for a 
majority of C. thermocellum strains (Akinosho et al., 2014). As an exception, higher 
Tmax of 67°C, 69°C and 70°C was observed for strains; BC1 (Koeck et al., 2015), 
S14 (Tachaapaikoon et al., 2012) and JW20 (Freier et al., 1988) respectively, 
emphasizing the physiological differences among the reported C. thermocellum 
strains. During the time course of fermentation, lactate and acetate production also 
decreased with increasing temperature from 55°C to 65°C, while formate production 
was not much affected and a minimal concentration of 0.18 g L
-1
 was observed at all 
the temperatures rested except for 70°C.  
Based on the fermentation profile (Figure 7.1 (B)) observed at different initial 
temperatures, strain ATCC 31924 grew and fermented crystalline cellulose optimally 
at 55°C and the same was followed during subsequent batch fermentation studies. 
Under these conditions, ATCC 31924 presented highest ethanol (2.38 g L
-1
) and total 
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soluble product (4.11 g L
-1
) concentrations, which was nearly 19 % higher than the 
concentrations achieved at 60°C. This observation contrasted with previous report 
(Saddler & Chan, 1984) where an optimal growth temperature of 62°C and initial pH 
7.0 was suggested during fermentation of Solka floc as carbon source, by the same 
strain. 
Effect of inoculum size 
The consistency of inoculum in terms of adequate size plays an important 
role in regulating any fermentation process (Cheng & Zhu, 2016; Lynd et al., 2002). 
Very few study reports investigated the influence of inoculum ratio on fermentation 
by C. thermocellum strains (Cheng & Zhu, 2016; Geng et al., 2010), with no report 
on ATCC 31924 based fermentation in particular. Usually, an inoculum ratio of 10% 
(v/v) of the medium, has been chosen to initiate fermentation by C. thermocellum 
strains during growth on variety of model and real substrates (Cheng & Liu, 2011; 
Islam et al., 2013; Levin et al., 2006; Liu et al., 2008; Sparling et al., 2006; 
Tachaapaikoon et al., 2012). Cheng et al., suggested an early accumulation of high 
acid concentration with higher inoculum size, as a possible reason for prohibited 
initiation of adequate cellular growth during the fermentation by C. thermocellum 
(Cheng & Zhu, 2016). In a previous study report, 5% (v/v) inoculum was used to 
initiate the fermentation by ATCC 31924 (Saddler & Chan, 1984). However, to 
explore the relationship between ethanol production and inoculum size, ATCC 
31924 was inoculated with various inoculum volumes [1, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 
4.5 and 5.0% (v/v) of the medium] in 50 ml MTC medium (pH 8.0) containing 5 g L
-
1
 cellulose as the sole carbon and energy source (Figure 7.2).  
As shown in Figure 7.2, ethanol production increased slightly with increasing 
inoculum sizes. The maximum ethanol concentration (1.67 g L
-1
) was achieved with 
an inoculum size of 4% (v/v). At other inoculum sizes ethanol production was lower 
but not up to a significant level, as shown by ANOVA (Figure 7.2).  
The production of other soluble metabolites production was less significantly 
affected and remain similar in the range of; 0.70-0.81 g L
-1 
for lactate, 0.84-0.95 g L
-
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1 
for acetate and 0.13-0.20 g L
-1
 for formate at varying inoculum sizes (Figure 7.2), 
after 72 h of fermentation. The cellular growth in terms of total cellular protein 
concentration and cellulose conversion presented increment, albeit small, was still 
significant with increasing inoculum size. 


































Figure 7.2 Effect of varying inoculum sizes on ethanol production by C. thermocellum 
ATCC 31924. Level of significance presented as ***p<0.001, *=0.05>p>0.01, and **= 
0.01>p>0.001, between different treatment conditions.  
The higher percentage of cellulose conversion (in the range of 93.41% to 
94.87%) was observed with an inoculum size of 4% (v/v) and beyond within 72 h of 
fermentation (Figure 7.2). Thus, a small inoculum size of 4% (v/v) of the medium 
will be used further. 
 Effect of vitamin and yeast extract concentrations 
MTC is a chemically defined medium for C. thermocellum and has been used 
extensively to study fermentation and enzymatic characteristics of different strains 
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(Cheng & Zhu, 2016; Geng et al., 2010; He et al., 2011; Islam et al., 2013; Johnson 
et al., 1981; Kridelbaugh et al., 2013; Mori, 1995; Sato et al., 1992). A vitamin 
solution comprising; Vitamin B12, Pyradoxamine dihydrochloride, PABA and D-
biotin is recommended to use for MTC medium with optional yeast extract while 
culturing C. thermocellum in serum bottles (Holwerda et al., 2012; Johnson et al., 
1981; Sato et al., 1992). 
Both yeast extract and vitamins are the source of growth factors which plays 
an important role in the regulation of enzyme synthesis and metabolic pathway of C. 
thermocellum (Demain et al., 2005; Geng et al., 2010; Islam et al., 2013; Johnson et 
al., 1981; Sato et al., 1992). However, these are costly media supplements and 
avoiding their inclusion in the media should be addressed from an economic point of 
view (He et al., 2011). 
In order to understand the minimal optimal requirement of these growth 
factors for enhanced cellulosic ethanol fermentation by ATCC 31924 culture, three 
sets of experiments, including varying concentrations of yeast extract, vitamin B12 
and  mixture of vitamin and yeast extract, were conducted (Table 7.2). For each set, 
relative utilization of added cellulose was further verified by including a positive 
control (culture of C. thermocellum ATCC 31924 containing 10 g L
-1
 cellulose with 
no added yeast extract and vitamin mixture) and a negative control (uninoculated 
growth media with 10 g L
-1
 cellulose supplemented with yeast extract and vitamin 
mixture). 
A. Vitamin B12 concentrations 
To investigate nutritional dependence of strain ATCC 31924 on vitamins a 
varying concentration of vitamin B12 ranging from 200 μg L-1 to 1000 μg L-1, were 
included in the basic vitamin cocktail (composition identical to MTC media) (Figure 
7.3). When growth media lack any vitamin source, cell growth and ethanol yield by 
ATCC 31924 culture was negligible. This is similar to the effect observed during 
cellulose fermentation by C. thermocellum strain YM4, displayed complete growth 
inhibition in the absence of vitamin B12 (Mori, 1995). 
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Ethanolic fermentation was improved slightly with increasing concentration 
of vitamin B12 from 200 μg L-1 to 600 μg L-1 in the basal vitamin cocktail of MTC 
medium, with maximum ethanol concentration reached to 0.48 g L
-1
 (Table 7.2). 
However, further increasing concentration of vitamin B12 had negative impact on 
growth and fermentation suggesting that strain possesses a particular capacity for 
vitamin B12 consumption. Similar to this study, Sato et al., also found that addition of 
10-fold increased vitamin concentration had no significant influence on fermentation 
product formation by C. thermocellum strain I-1-B (Sato et al., 1992). In contrast, in 
some studies vitamin concentrations were identified as less influential factor for 
enhanced cellulosic fermentation by C. thermocellum (Islam et al., 2013; Mori, 
1995).  
B. Yeast extract concentrations 
A number of previous study reports suggested a positive impact of yeast 
extract on ethanol fermentation by C. thermocellum strains (Freier et al., 1988; Geng 
et al., 2010; He et al., 2011; Islam et al., 2015; Kridelbaugh et al., 2013;  Mori, 1995; 
Sato et al., 1993). In this study, varied concentration of yeast extract ranging from 0, 
0.5, 1, 1.5 and 2% (w/v) were added in the MTC medium (essentially devoid of any 
other growth factor) to investigate optimal yeast extract concentration for enhanced 
cellulosic ethanol fermentation by ATCC 31924. A negligible growth was observed 
in the medium containing yeast extract alone, suggesting that yeast extract cannot 
serve as a carbon source for cellulose fermentation by ATCC 31924. 
The lowest yeast extract concentration of 0.5% (w/v) resulted in highest 
ethanol production of 2.35 g L
-1
 (Figure 7.3). However, ethanol production and cell 
growth decreased sharply with further increment in yeast extract concentration 
(Table 7.2). The possible reason could be due to the very high nitrogen content and 
excess growth factors in the medium, as suggested previously (Sheng et al., 2015).  
The production of acetate and lactate also affected significantly according to varying 
yeast extract concentrations. At highest yeast extract concentration of 2% (w/v), 
lactate produced in traces and ethanol concentration was decreased by nearly 80% 
compared to lowest yeast extract concentration.  
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Table 7.2 Effect of vitamin and yeast extract on the fermentation performance of C. thermocellum ATCC 31924 
 
A, B, C, D and E represents mixture of 0.5 % (w/v) yeast extract along with 200 µg L
-1
, 400 µg L
-1
, 600 µg L
-1
, 800 µg L
-1 
and 1000 µg L
-1 
of 
vitamin B12 concentrations, respectively.  
Vitamins (µg L
-1
) Lactate (g L
-1
) Acetate (g L
-1
) Ethanol (g L
-1
) Formate (g L
-1
) pH Protein (mg L
-1
) 
200 0.00 ± 0.00 0.00 ± 0.00 0.41 ± 0.04 0.00 ± 0.00 7.68 ± 0.04 3.73 ± 0.03 
400 0.00 ± 0.00 0.00 ± 0.00 0.41 ± 0.06 0.00 ± 0.00 7.68 ± 0.03 4.44 ± 0.06 
600 0.00 ± 0.00 0.00 ± 0.00 0.44 ± 0.03 0.00 ± 0.00 7.83 ± 0.02 4.32 ± 0.10 
800 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 7.93 ± 0.02 0.00 ± 0.00 
1000 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 7.94 ± 0.02 0.00 ± 0.00 
Yesat extract (w/v) 
0 0.00 ± 0.00 0.00 ± 0.00 0.24 ± 0.04 0.00 ± 0.00 7.61 ± 0.01 0.35 ± 0.20 
0.5 0.81 ± 0.07 0.99 ± 0.08 2.23 ± 0.24 0.07 ± 0.02 6.03 ± 0.06 20.39 ± 1.17 
1 0.27 ± 0.03 0.92 ± 0.03 1.36 ± 0.17 0.10 ± 0.01 6.45 ± 0.03 20.25 ± 0.16 
1.5 0.12 ± 0.02 0.54 ± 0.06 0.72 ± 0.09 0.26 ± 0.04 7.06 ± 0.05 16.82 ± 0.22 
2 0.00 ± 0.00 0.42 ± 0.04 0.56 ± 0.09 0.22 ± 0.04 7.21 ± 0.02 17.10 ± 0.10 
Mixture                   
A 0.40 ± 0.04 0.96 ± 0.18 2.02 ± 0.09 0.11 ± 0.04 6.05 ± 0.06 18.62 ± 0.47 
B 0.44 ± 0.04 1.09 ± 0.09 1.50 ± 0.05 0.25 ± 0.04 5.92 ± 0.03 19.56 ± 0.26 
C 0.21 ± 0.02 0.78 ± 0.08 1.47 ± 0.04 0.26 ± 0.06 6.29 ± 0.07 22.01 ± 0.32 
D 0.14 ± 0.02 0.88 ± 0.04 1.35 ± 0.03 0.15 ± 0.05 6.20 ± 0.05 19.85 ± 0.89 
E 0.17 ± 0.03 0.84 ± 0.05 1.38 ± 0.09 0.15 ± 0.04 6.32 ± 0.04 22.28 ± 0.38 
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These results suggested that high yeast extract concentration needed to be 
avoided in the growth media as causing inhibition. This is in line with some previous 
studies where similar torpidity in ethanolic fermentation was observed for other 
strains of C. thermocellum at high yeast extract concentration (Geng et al., 2010; 







































































Figure 7.3 Effect of vitamin and yeast extract concentrations on ethanol production by C. 
thermocellum ATCC 31924. Lowercase letters represents the level of significance 
(***p<0.001, *=0.05>p>0.01, and **= 0.01>p>0.001), between different treatment 
conditions. Non significant values are labelled with same lowercase letters without any 
probability value. 
C. Mixture of vitamin and yeast extract 
In a further set of experiment combination of yeast extract 0.5% (w/v) and 
vitamin mixture at various concentrations ranging from 200 μg L-1 to 600 μg L-1, 
designated as set I to V were 
 
added to analyze any possible stimulatory effect. As 
shown in Figure 7.3, irrespective to the presence or absence of vitamin cocktail best 
ethanolic fermentation was observed following emendation of 0.5% (w/v) yeast 
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extract in the media. Yeast extract found to be an important determinant for 
cellulosic ethanol fermentation efficiency of ATCC 31924. These results highlighted 
a potential difference in the metabolic requirement of yeast extract and vitamin 
cocktail by ATCC 31924 culture compare to other C. thermocellum strains. Here 
stimulatory effect of yeast extract on ethanol production clearly suggests that vitamin 
cocktail rich in vitamin B12 were less significant, as shown by ANOVA (Figure 7.3). 
Thus vitamin cocktail was substituted with 0.5% (w/v) yeast extract in basal MTC 
media in remaining sets of experiment. 
Effect of initial cellulose concentrations 
For any C. thermocellum strain to be suitable for industrial application, an 
ability to utilize substrate concentration as high as 100 g L
-1
 is expected (Humbird et 
al., 2010). C. thermocellum ATCC 27405 presented very limited substrate tolerance 
(Ellis et al., 2012; Islam et al., 2009; Islam et al., 2013; Weimer & Zeikus, 1977) and 
only few studies suggested fermentation of cellulosic substrates at a concentration 
higher than 10 g L
-1
 that to by employing either mutant (Holwerda et al., 2014; 
Tailliez et al., 1989; Wang et al., 1983) or genetically engineered strains (Argyros et 
al., 2011). Among the WT strains, a recent study report is an exception where 93% 
conversion of 100 g L
-1
 cellulose to solubilised products was achieved under 
controlled cultivation conditions employing wild type DSM 1313 (Holwerda et al., 
2014). This is the highest cellulose conversion achieved so far by any wild type C. 
thermocellum strain.  
In this work, batch fermentation of ATCC 31924 at nine different cellulose 
concentrations (2, 5, 10, 15, 20, 25, 30, 40 and 50 g L
-1
) was investigated under same 
fermentation conditions to understand the impact of initial cellulose loadings on end 
product formation and corresponding cellulose conversion (Figure 7.4 (A) and (B)). 
All soluble metabolite concentrations, residual sugar concentration, cellular protein 
and pH measurement were significantly affected by increasing cellulose 
concentrations, as shown by ANOVA (Figure 7.4). For both low and high cellulose 
concentrations, fermentation products were analyzed between 48-96 h of cultivation. 
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At the lowest initial cellulose concentration of 2 g L
-1
, highest conversion 
(100%) of crystalline cellulose was observed, with ethanol (0.66 g L
-1
) and acetate 
(0.51 g L
-1
) as the only soluble metabolites observed after 48 h of fermentation. 
However, lactate production becomes significant at higher substrate concentration 
with final pH declination below 6.0 at the end of fermentation (Figure 7.4 (A) and 
(B)). With increasing cellulose concentration, ethanol production also increased 
gradually with maximum concentration (2.44 g L
-1
) evidenced at 30 g L
-1
 initial 
cellulose. Nearly three-fold decrease in cellulose conversion percentage was 
observed at highest cellulose concentration due to incomplete utilization of cellulose, 
suggestive of the lowest ethanol yield.  
The production of acetate was not significantly affected by varying initial 
cellulose concentration and highest accumulation of 1.19 g L
-1 
recorded at 10 g L
-1
 
cellulose concentration. In contrast lactate production was decreased with increasing 
cellulose concentration (Figure 7.4 (A)). The cellular protein concentration was 
found to be nearly same at all the cellulose concentrations tested with a slight 
decrease at highest cellulose concentration of 50 g L
-1
, suggested that higher 
substrate concentration had not resulted in cell growth inhibition (Figure 7.4 (B)). 
Thus, lower yield and fermentation performance can be attributed to poor 
mass transfer and pH declination. This is contrary to a previous report where cell 
growth was increased by 22% at higher cellulose concentration compared to lower 
concentration during batch fermentation by C. thermocellum DSM 1237 (Islam et al., 
2013). 
Moreover, the release of fermentable carbohydrates (glucose and cellobiose) 
was also observed during the course of fermentation at both high and low cellulose 
concentrations tested, except for lowest cellulose concentration of 2 g L
-1
 (Figure 7.4 
(A)). The cellulose conversion (90%) observed here for ATCC 31924 based 
fermentation at 1% (w/v) of cellulose concentration (Figure 7.4 (B)) was comparable 
to other C. thermocellum strains where 98.8% (Tachaapaikoon et al., 2012) and 95% 
(Ellis et al., 2012) conversion of microcrystalline cellulose suggested for strain S14 
and ATCC 27405, respectively. 
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Figure 7.4. Effect of initial cellulose concentrations on the fermentation performance of C. 
thermocellum ATCC 31924 (A) Metabolite concentration (B) Cellulose conversion (%). 
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Lowercase letters represents the level of significance (***p<0.001, *=0.05>p>0.01, and **= 
0.01>p>0.001), between different treatment conditions. Non significant values are labelled 
with same lowercase letters without any probability value. 
7.3.2  Kinetics of crystalline cellulose degradation  
Preliminary results in batch culture indicated that an initial pH 8.0, 
temperature 55°C, inoculum ratio 4% (v/v) and yeast extract concentration of 0.5% 
(w/v) are the suggestive optimal conditions for cellulosic ethanol fermentation by 
strain ATCC 31924. The kinetics of crystalline cellulose degradation was 
investigated under these optimized conditions to demonstrate cellulolytic potential of 
strain ATCC 31924. The percentage of cellulose conversion (at 10 g L
-1
), within 120 
h of fermentation was measured in terms of protein concentration, pH declination, 
soluble metabolic end products and corresponding residual insoluble material, every 
24 h (Figure 7.5).  
As shown in Figure 7.5, cellular protein and soluble metabolite concentration 
increased in parallel during the course of cellulose fermentation. Apparently the 
onset of growth was faster under optimized conditions suggested by more protein 
accumulation within 48 h of growth.  Strain ATCC 31924 began to grow quickly 
after 48 h and maximum cellulose conversion increased gradually from 65.06% to 
90.50%, at the end of fermentation. The major soluble metabolic end products such 
as ethanol, acetate, formate and lactate were in direct co-relationship with increasing 
cellulose conversion (from 0.49% to 90%) during the course of fermentation and 
values are statistically significant, as shown by ANOVA (Figure 7.5). However, the 
concentration of soluble metabolites was increased during the first 96 h of incubation 
and then reached to a steady state with the drop in final pH from 8.0 to 5.85.  
According to these results, the strain ATCC 31924 reached its maximum 
performance at 96 h of fermentation. At this time-point with 87.93% cellulose 
conversion, soluble metabolite concentration of 2.32 g L
-1





lactate and 0.25 g L
-1 
formate were produced. Maximum cellulose 
conversion of 90.50 % was observed at 120 h of fermentation.  
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Figure 7.5 Kinetics of crystalline cellulose degradation by C. thermocellum ATCC 31924. 
Lowercase letters represents the level of significance (***p<0.001, *=0.05>p>0.01, and **= 
0.01>p>0.001), between different treatment conditions. Non significant values are labelled 
with same lowercase letters without any probability value. 
7.3.3  Impact of end products on fermentation performance  
 Impact of acetate addition 
To determine if acetate accumulation has subtle effect on metabolite profile 
of strain ATCC 31924, we grew batch culture on cellulose-MTC-YE medium 
containing varying concentrations of sodium acetate in the range of 15 to 170 mM 
(Figure 7.6). Duplicate cultures without acetate addition were included as negative 
control.  
As shown in Figure 7.6, varying acetate concentration resulted in significant 
variations in the metabolic profile of the strain ATCC 31924 (ANOVA). An initial 
addition of acetate up to 30 mM concentration resulted in ~20% increment in ethanol 
production (2.93 g L
-1
) compared to medium without acetate (2.32 g L
-1
). The 
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stimulatory effect of acetate was also apparent by small increment in cellular protein 
concentrations. With further increase in acetate concentration beyond 30 mM, 
ethanol production tends to decrease sharply from 2.93 g L
-1
 to 0.23 g L
-1
 at the 
highest acetate concentration tested accompanied by diminished cell growth (Figure 
7.6). This is contrary to a previous report where increasing concentration of acetate 
(upto 150 mM) resulted in an overall enhanced growth and ethanol production (by 
320%) during cellobiose fermentation by C.  thermocellum strain ATCC 27405 (He 
et al., 2009).  
Although in contrast to ethanol production, significant declination in lactate 
production was observed at all the acetate concentrations. Indeed, lactate seemed to 
be the most affected metabolite by acetate addition. Nonetheless, at higher acetate 
concentration (>30 mM), decrease in lactate production corresponded to decreased 
cell growth but a similar inhibition in the culture with higher cell growth, evidenced 
the inhibitory effect of acetate (Figure 7.6). Again the significant effect of acetate 
addition on formate production (in the range of 0.145 to 0.21 g L
-1
) was also 
consistent with the observed decrease in production compared to medium without 
acetate.  
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Figure 7.6 Impact of acetate on metabolic profile of C. thermocellum ATCC 31924. 
Lowercase letters represents the level of significance (***p<0.001, *=0.05>p>0.01, and **= 
0.01>p>0.001), between different treatment conditions. Non significant values are labelled 
with same lowercase letters without any probability value.  
Interestingly, the acetate production itself got decreased with increasing 
exogenous acetate in the medium (calculated after subtracting the acetate 
concentration already present in uninoculated control). Almost traces of acetate were 
produced as a metabolic product when higher exogenous acetate was supplied to the 
medium (Figure 7.6).  
Evidently, the fermentation profile of ATCC 31924 was altered in the 
presence of mild acetate concentration (Figure 7.6) and its accumulation might be a 
possible reason for lower ethanol yield and cellulose conversion during fermentation. 
The stimulatory effect of lower acetate concentration on increased ethanol 
production and decreased lactate production was remarkable. Similar to this study, 
28% increment in ethanol production was observed by addition of 55 mM acetate 
during cellulose fermentation by strain ATCC 27405 however the profile of other 
end product remain unchanged (Rydzak et al., 2011). 
Impact of exogenous ethanol addition 
Despite of high cellulolytic potential and ability to convert lignocellulosic 
materials directly into ethanol, industrial ethanol fermentation by C. thermocellum is 
still limited. The primary reason is the lower ethanol yield resulted from lower 
tolerance to fermentation products such as ethanol and organic acids (Rydzak et al., 
2011; Zhou et al., 2013). The WT C. thermocellum strains are relatively sensitive to 
ethanol even at modest ethanol concentration of 1% (w/v) (Herrero & Gomez, 1980; 
Shao et al., 2011a). However, with increased interest in CBP, several previous 
studies suggested the development of ethanol tolerant mutant of C. thermocellum 
ATCC 27405 with increased ethanol tolerance upto 25 g L
-1 
(Herrero & Gomez, 
1980), 38 g L
-1 
(Tailliez et al., 1989) and 50 g L
-1 
(Williams et al., 2007) etc.  
Ethanol production by novel thermophilic anaerobic isolate/s via consolidated bioprocessing 
                                                                                                                          
                                                                                                                   192 
 
In order to evaluate ethanol tolerance level of strain ATCC 31924, the 
influence of varying level of exogenous ethanol (0-5% v/v) on cellulose fermentation 
was examined (Figure 7.7). The production of ethanol and other end products as 
measured in the fermentation broth after the completion of the fermentation (96 h) is 
presented in Figure 7.7. Over 40% decrease in ethanol concentration was observed 
when 0.5% (v/v) ethanol was added in the medium. The result shows that cell growth 
and ethanol accumulation was observed till 3% (v/v) of exogenously added ethanol, 
albeit at lower concentration compared to medium without ethanol. This suggested 
that strain has an ethanol tolerance up to 3% (v/v). With further increment in ethanol 
concentration, severe growth inhibition was observed (Figure 7.7).  
Clearly the strain’s metabolism altered due to added ethanol concentrations 
suggested by the varying profile of organic acids but statistically significant as 
shown by ANOVA (Figure 7.7). The production of lactate and formate dropped to 
more than 50% at 0.5% (v/v) added ethanol concentration, and only produced in 
trace quantity when higher ethanol concentration was supplied to the medium. 
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Figure 7.7 Influence of varying concentration of exogenous ethanol on crystalline cellulose 
fermentation by C. thermocellum ATCC 31924. Level of significance is presented as 
***p<0.001, *=0.05>p>0.01, and **= 0.01>p>0.001, between different treatment 
conditions.  
With increasing ethanol concentrations, acetate production remains 
comparatively unaffected till 3.5 % (v/v) concentration and slight decline in 
concentration from 1.11 g L
-1
 to 1.01 g L
-1
 was observed. However, acetate 
accumulation completely inhibited at other tested ethanol concentrations. 
7.3.4  Hydrolytic potential of purified cellulosome 
Cellulosome was purified from cellulose grown culture of strain ATCC 
31924 (Figure 7.8). CipA is the signature gene of cellulosome and reported to encode 
the structural component of extracellular cellulosome produced by C. thermocellum 
(Bayer et al., 2004; Koeck et al., 2015). In the enzyme preparation of ATCC 31924 
grown cultures, 250 kDa band of CipA observed during SDA-PAGE and subsequent 
enhanced cellulolytic activity of this preparation compared to crude supernatant also 
confirmed the cellulosome purification (Table 7.3). When cellulosome of C. 
thermocellum ATCC 31924 was incubated with microcrystalline cellulose, an 
increasing concentration of released sugar was observed (Figure 7.9). The sugar 
composition was analyzed in triplicate by HPLC and maximum 6.60 g L
-1
 sugar 
release was observed at 144 h of reaction (Figure 7.9). More glucose compared to 
cellobiose was observed in the total released sugars. 
The isolated cellulosome was analysed for its enzyme activities on relevant 
substrates and compared for the same with crude enzyme sample (Table 7.3). As 
suggested previously, cellulase complex of C. thermocellum demands reducing 
conditions and Ca
++
 ions to render its cellulolytic activities (Demain et al., 2005;  
Johnson et al., 1982). Therefore, all enzyme activities were determined in an assay 
buffer containing DTT as the reducing agent and CaCl2.  
Strain presented high activity on crystalline cellulose known as true cellulase 
activity or avicelase activity (Demain et al., 2005). Cellulosomal enzymes of a 
hyper-cellulosome producing strain C. thermocellum strain S14 reported to present 
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highest specific activity than other C. thermocellum strain (Tachaapaikoon et al., 
2012). 
 
                                                        
Figure 7.8 SDS-PAGE analysis of crude supernatant and purified cellulosome [Lane 1: 
Purified cellulosome, Lane 2: Crude supernatant of grown culture, Lane 3: Bio-Rad 
prestained protein marker]. 
Table 7.3 Enzyme activity of crude supernatant and purified cellulosome from C. 
thermocellum ATCC 31924 
Enzyme activity
a
 (U/mg) Crude supernatant Purified cellulosome 
Avicelase 0.71 ± 0.03 3.61 ± 0.07 
Filter paper assay 0.33 ± 0.05 1.25 ± 0.02 
Endoglucanase 7.12 ± 0.05 10.24 ± 0.04 
Xylanase 8.10 ± 0.05 24.02 ± 0.05 
a
Enzyme activities were determined using the crude and cellulosome preparations containing 
17 and 27 μg protein ml-1, respectively.  
7.3.5  Comparative fermentation performance on various substrates 
Batch fermentations were conducted under optimized condition of section 
7.3.1, to compare the fermentation characteristics of strain ATCC 31924 on common 
sugar generated during lignocellulose fermentation (glucose and cellobiose) and 
carbohydrate polymers (cellulose, xylan and filter paper), at a substrate loadings of 5 
1       2                                      3 
Expected band near 250 kDa 
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, followed by fermentation of real LCB (RSB and SCB) at low and high glucan 
loadings specified in section 7.3.5.2. 























Figure 7.9 Time course of microcrystalline cellulose solubilization by cellulosome prepared 
from C. thermocellum ATCC 31924 [Cellulosome containing 27 µg ml
-1
 proteins]. 
Lowercase letters represents the level of significance (***p<0.001, *=0.05>p>0.01, and **= 
0.01>p>0.001), between different treatment conditions. Non significant values are labelled 
with same lowercase letters without any probability value. 
7.3.5.1  Fermentation of model substrates related to lignocellulose  
The cell growth, pH variation and metabolic end products were measured at 
the experimental end point (after 24-72 h) and results are presented in Figure 7.10. 
The growth profile of strain ATCC 31924 on different substrates was determined on 
the basis of protein level in the culture supernatant and corresponding pH 
declination. Strain presented comparative performance on all the substrates tested 
except xylan, suggesting the poor ability of strain ATCC 31924 to ferment 
hemicellulose part of lignocellulose. This observation has been previously recorded 
for other C. thermocellum strains as well (Akinosho et al., 2014). 
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C. thermocellum ATCC 31924 utilized cellobiose and glucose completely 
within 24 h of fermentation. Moreover, cellular protein concentration and total 
substrate conversion (%) was significantly greater on cellobiose and glucose 
compare to other substrates (Figure 7.10). The final pH of the culture medium 
dropped from initial pH 8.0 to pH <6.0 (except on xylan) near the end of 
fermentation period. The pH decline was maximum during growth on cellobiose, 
suggesting more organic acids were produced.   



























































Figure 7.10 Batch fermentations of model substrates by C. thermocellum ATCC 31924. 
Lowercase letters represents the level of significance (***p<0.001, *=0.05>p>0.01, and **= 
0.01>p>0.001), between different treatment conditions. Non significant values are labelled 
with same lowercase letters without any probability value. 
In general, ethanol, acetate, formate and lactate were produced as the main 
soluble fermentation products where positive growth observed, as shown in Figure 
7.10. However, depending upon substrates metabolic profile differed with a 
statistical significance, as shown by ANOVA (Figure 7.10). Interestingly, formate 
production was similar in the range of 0.21-0.30 g L
-1 
on all tested substrates. The 
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maximum ethanol production of 2.26 g L
-1
 was recorded during cellobiose 
fermentation which is 30% higher than the concentration achieved at cellulose 
(Figure 7.10). Likewise, during glucose fermentation, 1.92 g L
-1 
ethanol was 
produced. During cellobiose fermentation, 0.11 g L
-1
 lactate and 1.19 g L
-1
 acetate 
were produced while 0.15 g L
-1
 lactate and 1.28 g L
-1
 acetate was produced during 
glucose fermentation. It is noteworthy that in comparison to cellulose fermentation, 
acetate and lactate production was lower during sugar fermentation by strain ATCC 
31924.  
During the fermentation of filter paper, 0.43 g L
-1
 lactate, 1.00 g L
-1
 acetate 
and 1.15 g L
-1 
ethanol were produced indicating that total soluble metabolite 
concentration of strain ATCC 31924 was lower than the concentration achieved 
during cellulose fermentation.  
7.3.5.2  Fermentation of dilute-acid PT-LCB  
Batch fermentations of PT-LCB were conducted to compare the performance 
of strain ATCC 31924 on PT-RSB and PT-SCB at low glucan loadings. In this study, 
strain ATCC 31924 was cultured in MTC medium with PT-RSB (~70.5% glucan 
content) and PT-SCB (~62.13% glucan content) as the sole energy source, at 
substrate loadings of 5, 20, 25 and 30 g L
-1
 glucose equivalents (determined on the 
basis of composition analysis and further implicating moisture correction factor). To 
observe the growth profile of C. thermocellum strain ATCC 31924 on PT biomass, 
we adopted to analyse the protein level in culture supernatant, pH declination, 
metabolite products, structural changes and corresponding residual insoluble material 
every 24 h (Figure 7.11 to 7.14).  
A. At low glucan loadings 
Cell growth and biomass conversion 
As shown in Figure 7.11 (A) and (B), the protein concentration paralleled the 
substrate conversion (%) during the course of lignocellulose fermentation, indicating 
that both the PT-LCB were degraded efficiently at 55°C by the strain ATCC 31924. 
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Within 0 to 72 h, the degradation of biomass was low, indicating the time required 
by strain for producing enough cell mass and cellular enzymes for growth and 
hydrolysis respectively. Strain ATCC 31924 began to grow quickly after 48 h with 
maximum substrate conversion (%) reached 57.28% and 53.35% for PT-RSB and 
PT-SCB respectively, at 144 h of incubation (Figure 7.11 (B)). The constant 
increment in the supernatant protein level was observed even after 96 h of 
fermentation. This might be due to the release of cellulosome into the medium. As 
reported earlier, cellulosome accumulated more in the culture supernatant during late 
stationary phase (Resch et al., 2014; Xu et al., 2016).  Both PT-RSB and PT-SCB 
based fermentation yielded nearly similar protein level, indicative of similar growth 
rate on these two substrates (Figure 7.11 (A)). However, final substrate conversion 
(%) exceeded slightly higher during cultivation of strain ATCC 31924 on PT-RSB 
compared to PT-SCB, indicating that substrate utilization of strain ATCC 31924, 
differed for these two substrates (Figure 7.11 (B)).  
A possible reason can be explained on the basis of a previous observation 
explaining that C. thermocellum produces an altered set of hydrolytic enzymes 
depending upon the substrates, which causes differences in hydrolysis pattern among 
two different substrates by the same strain (Raman et al., 2009; Wilson et al., 2013). 
Therefore the similar effect observed in this study for strain ATCC 31924, was not 
unreasonable. The pH variation also corresponded with the substrate conversion (%), 
with a final pH drop of 6.46 and 6.14 for PT-RSB and PT-SCB respectively (Figure 
7.11 (A)).   
End product formation  
As illustrated in Figure 7.11 (C), acetate and ethanol were the major soluble 
metabolites in the fermentation broth of strain ATCC 31924 during growth on low 
concentration of PT-RSB and PT-SCB. After 144 h, with 57.28% substrate 
conversion, soluble metabolites concentration of (1.01 g L
-1
 ethanol, 0.43 g L
-1
 
acetate, 0.26 g L
-1
 lactate and 0.10 g L
-1 
formate) was generated on PT-RSB 
compared to 53.35% substrate conversion of PT-SCB with soluble metabolite 
concentration of (1.95 g L
-1
 ethanol and 0.96 g L
-1
 acetate). Interestingly, lactate and 
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formate were produced in trace quantity (concentration below 0.04 g L
-1
) during PT-
SCB fermentation. Here, more ethanol production on PT-SCB can be related to more 
substrate conversion (%) and less sugar accumulation, compared to PT-RSB (Figure 
7.11 (B) and Table 7.4).  
A.  Cell growth and corresponding pH 
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B. Substrate conversion (%) 
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C. End products 



























Figure 7.11 Fermentation of dilute-acid PT-RSB and PT-SCB by C. thermocellum ATCC 
31924 at low glucan loadings. Level of significance is presented as ***p<0.001, 
*=0.05>p>0.01, and **= 0.01>p>0.001, between different treatment conditions.  
Sugar and inhibitors accumulation  
As illustrated in Table 7.4, the fermentation broth of biomass grown culture 
of strain ATCC 31924 revealed high concentration of C6 sugars (glucose and 
cellobiose) and minimal concentration of pentose sugars (such as xylose and 
arabinose) while no detectable galactose or mannose. The reason appears to be the 
minimal hemicellulose content was present in the chemically PT-biomass material 
used in this study (Table 7.1).  
At the end of fermentation, the maximum total sugar release (of 0.37 g L
-1
 
and 1.28 g L
-1
) occurred during 50% conversion of PT-RSB and PT-SCB, 
respectively. The sugar profile of 0 h and control samples indicated high 
concentration of xylose (up to 1.15 g L
-1
) in PT-SCB containing medium, which 
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remain accumulated throughout the fermentation (owing to the inability of the strain 
to utilize xylose).  
Table 7.4 Summary of ethanol yield and fermentation performance of C. thermocellum 
ATCC 31924 (at low glucan loadings) 
 
Fermentation profile   PT-RSB   PT-SCB 
Final pH 6.46 ± 0.04 6.14 ± 0.04 
Ethanol yield (g/g)
a 
0.10 ± 0.00 0.27 ± 0.01 
E/A ratio 1.98 ± 0.23 1.88 ± 0.07 
Biomass conversion (%) 57.28 ±1.32 53.35 ±2.62 
Total residual sugar (g L
-1
) 0.37 ± 0.07 1.28 ± 0.12 
Glucose 0.06 ± 0.01 0.07 ± 0.01 
Xylose 0.13 ± 0.01 1.02 ± 0.06 
Cellobiose 0.12 ± 0.04 0.12 ± 0.04 
Arabinose 0.06 ± 0.01 0.08 ± 0.01 
a
The ethanol yield and product ratio was calculated after subtracting the traces of soluble 
products already present in the uninoculated control samples containing PT biomass and 
only end products produced after 144 h of fermentation are shown.  
* Ethanol yield is presented as g of ethanol produced per g of glucan consumed determined 
on dry weight basis.  
 
Due to this reason xylose accumulation was not taken in account since it was 
already present in the medium and no considerable changes in concentration was 
observed during the course of fermentation. The higher sugar accumulation during 
lignocellulosic fermentation can be related to increased inhibitor concentration and 
pH declination, preventing the strain to utilize these sugars. This sugar accumulation 
is quite common during thermophilic fermentation of biomass by C. thermocellum 
strains and has been noted in few previous studies as well (Levin et al., 2006; Raman 
et al., 2009; Wilson et al., 2013; Yee et al., 2015). 
Growth-induced changes in biomass structure 
The structural changes in the residual PT biomass, induced by the hydrolytic 
action of cellulolytic enzymes produced by C. thermocellum strain ATCC 31924 
were analyzed using SEM and presented in Figure 7.12. As revealed in images, clear 
destruction of cellulose content can be observed for PT-RSB and PT-SCB samples 
collected after microbial treatment compared to UT biomass samples. Although the 
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performance of the strain was moderate on low biomass loading, it was observed that 
even after 144 h of fermentation final pH was within growth range and cellular 
protein concentration was increasing, suggesting that although the fermentation 
activity got slow down but the strain is still metabolically active. Thus, the 
fermentation was allowed to proceed for a prolonged incubation of 15 days to see the 
effect on growth and metabolites production.  
A. PT-RSB (Before treatment)                           C. PT-SCB (Before treatment)  
             
 
 
B. PT-RSB (After treatment)                          D PT-SCB (After treatment)  
         
Figure 7.12 SEM images of the structural changes in biomass before and after treatment with 
C. thermocellum ATCC 31924 
A summary of these results is presented in Table 7.5. The substrate 
conversion (%) was reached 78.83% (for PT-RSB) and 64.65% (for PT-SCB) while 
ratio of ethanol to acetate production was decreased, suggestive that production of 
acetate increased. Here the positive impact of initial alkaline pH (pH 8.0) on growth 
was interpreted to be the reason for this increment in substrate conversion (%).  
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Table 7.5 Biomass fermentation performance of C. thermocellum ATCC 31924 after 15 days 
(at low glucan loadings) 
 
Fermentation performance PT-RSB PT-SCB 
Ethanol (g L
-1
) 1.43 ± 0.02 0.77 ± 0.03 
Lactate (g L
-1
) 0.26 ± 0.03 0.04 ± 0.01 
Acetate (g L
-1
) 1.06 ± 0.03 0.58 ± 0.04 
Formate (g L
-1
) 0.10 ± 0.03 0.01 ± 0.04 
Residual sugars (g L
-1
) 
  Glucose 0.08 ± 0.01 0.00 ± 0.00 
Xylose 0.12 ± 0.01 0.38 ± 0.02 
Cellobiose 0.11 ± 0.01 0.13 ± 0.01 
Arabinose 0.17 ± 0.01 0.06 ± 0.01 
Inhibitors concentration (g L
-1
) 
  Formate 0.15 ± 0.03 0.47 ± 0.02 
*Ethanol yield (g/g) 0.11 ± 0.00 0.08 ± 0.00 
Biomass conversion (%) 78.83 ±1.91 64.65 ± 0.61 
E/A ratio 1.19 ± 0.01 1.08 ± 0.11 
Final pH 5.83 ± 0.07 5.92 ± 0.02 
* Ethanol yield is presented as g of ethanol produced per g of glucan consumed determined 
on dry weight basis 
B. At high glucan loadings 
Effect of increasing RSB concentration 
The dynamics of the thermophilic fermentation of dilute-acid PT-RSB at high 
glucan loadings is presented in Figure 7.13 (A) to (D). Here, a significant difference 
in metabolite profiling and substrate conversion (%) behaviour was observed, as 
shown by ANOVA (Figure 7.13). It was noted that at initial loadings of 20 and 25 
gL
-1 
of the glucose equivalents the protein concentration of the culture supernatant 
was increased in an unpredictable manner during growth up to 120 h. However, this 
increment reached a plateau between 96 h to 120 h of fermentation, with a slight 
decrease in total protein concentration at 144 h (Figure 7.13 (A)). In contrast to this 
during growth on 30 g L
-1 
of the glucose equivalents loadings, a slower increment in 
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A. Supernatant protein concentration 
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D. Metabolite concentration 
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Figure 7.13 PT-RSB fermentation by C. thermocellum ATCC 31924 at high glucan loadings 
[E; ethanol, A; Acetate, L; Lactate, F; Formate]. Lowercase letters represents the level of 
significance (***p<0.001, *=0.05>p>0.01, and **= 0.01>p>0.001), between different 
treatment conditions. Non significant values are labelled with same lowercase letters without 
any probability value. 
At all the 3 initial high biomass loadings, the pH of the fermentation broth 
continue to drop from initial pH 8.0 to the minimum pH 5.89 reached at 120 h on 
PT-RSB loadings of 25 g L
-1
 of the glucose equivalents (Figure 7.13 (A)). The 
substrate consumption pattern of strain ATCC 31924, during growth on 3 different 
initial PT-RSB concentrations is presented in Figure 7.13 (B). A maximum 42.97% 
biomass conversion was observed at PT-RSB loadings of 20 g L
-1
 of the glucose 
equivalents suggesting about 25% decrease in substrate conversion (%) compared to 
the observed biomass conversion at lower glucan loadings. With further increase in 
glucan concentration, nearly 63.69% and 76.07% initial substrate remain 
unconsumed, at 25 and 30 g L
-1
 of the glucose equivalents loadings, respectively. 
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Figure 7.13 (C) shows the final concentration of soluble metabolites detected 
at different time intervals. According to the fermentation profile observed, ethanol 
and acetate were the major soluble metabolic end products followed by lactate and 
formate as the minor end products. In this study, acetic acid yield were in the range 
of 1.03-1.17 g L
-1 
while lactate level which was undetectable in the fermentation 
broth of PT-RSB containing medium at lower biomass concentration (5 g L
-1 
of the 
glucose equivalents loadings) rose to nearly 0.81 g L
-1
 when high concentration of 
PT-RSB (25 g L
-1
 of the glucose equivalents loadings) was present. However, lactate 
production decreased slightly from 0.76 g L
-1
 to 0.67 g L
-1 
at highest biomass 
loadings of PT-RSB. Similar effect of increasing lactate production was observed 
during the fermentation of delignified wood biomass by C. thermocellum strain DSM 
1237 (Levin et al., 2006). Similar to lactate, the production of formate was also 
increased to 0.18 g L
-1 
at 20 g L
-1
 of the glucose equivalents loadings whereas no 
formate was present in the control samples without inoculation (Figure 7.13 (C)).  
A considerable amount of soluble fermentable sugars (in the range of 2.00-
3.07 g L
-1
) were accumulated at high concentration of PT-RSB containing medium 
compared to medium with low biomass loadings, suggesting that strain ATCC 31924 
was metabolically active even at higher biomass concentration but consumption 
stopped might be due to carbon excess condition in the fermentation broth (Figure 
7.13 (D)). These results illustrate the inefficient consumption of glucan content and 
also explain the lower ethanol yields. Overall, as per the protein concentration and 
corresponding soluble metabolite concentrations observed at different time intervals, 
it can be predicted that an initial 48 h was acquired by strain ATCC 31924 for 
enough biomass accumulation and adjustment. As the concentration of biomass 
increased the required time for this acclimatization was also increased.   
Effect of increasing SCB concentration 
Similar to RSB, the effect of increasing concentration of SCB on the 
fermentation performance of C. thermocellum ATCC 31924 was also investigated 
and presented in Figure 7.14 (A) to (D).  
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A. Supernatant protein concentration 
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D. Metabolite concentration 
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Figure 7.14 PT-SCB fermentation by C. thermocellum ATCC 31924 at high glucan loadings 
[E; ethanol, A; Acetate, L; Lactate, F; Formate]. Lowercase letters represents the level of 
significance (***p<0.001, *=0.05>p>0.01, and **= 0.01>p>0.001), between different 
treatment conditions. Non significant values are labelled with same lowercase letters without 
any probability value. 
According to the supernatant protein concentrations shown in Figure 7.14 
(A), protein level reached a stationary phase after 120 h of fermentation at all the 3 
high biomass loadings with maximum protein concentration observed at biomass 
loadings of 20 g L
-1 
of the glucose equivalents. Likewise, pH also reached a 
stationary phase at approximately 96 h, with minimum pH value of 5.83.  
The pH drop was maximal at PT-SCB loadings of 20 g L
-1
of the glucose 
equivalents concentration suggesting more acid accumulation at this concentration 
(Figure 7.14 (C)).  At 96 h of fermentation, a substrate conversion (%) of 35.53%, 
28.90% and 23.4% was observed at 20, 25 and 30 g L
-1 
of the initial glucose 
equivalents of PT-SCB, respectively (Figure 7.14 (B)). 
It was observed that the substrate conversion (%) reached to a stationary 
phase between 96 to 144 h with no significant increment (Figure 7.14 (B)). These 
results coincide with the stationary phase observed for protein concentration and pH 
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values as well. Here, lower ethanol concentrations were produced compared to PT-
RSB fermentation, at all the concentrations tested (Figure 7.14 (C) and 7.13 (C)). 
Strain ATCC 31924 produced maximum 1.79 g L
-1
 of ethanol from dilute-acid PT-
SCB at glucan loadings of 30 g L
-1
 of the glucose equivalents at 144 h suggesting 
12.68% decrease in ethanol production compared to the maximum ethanol 
concentration observed during PT-RSB fermentation at high biomass loadings.  
Again accumulation of fermentable residual carbohydrates was observed similar to 
PT-RSB fermentation, but the sugar profile was different (Figure 7.14 (D)).  
A slight increment in sugar accumulation over time indicating that strain is 
still metabolically active but performance was low. As illustrated in Figure 7.14 (D), 
the quantified sugars composed of more xylose (in the range of 0.52-1.39 g L
-1
) than 
other sugars during PT-SCB fermentation at high biomass loadings. This was due to 
the presence of high xylose sugar in the uninoculated control samples as well.  
 
RSB vs. SCB fermentation performance 
Table 7.6, compares the amount of fermentation products produced from 
cultures containing dilute-acid PT-RSB and PT-SCB, for the three different initial 
substrate concentrations. Notable changes were observed in the fermentation profile 
of strain ATCC 31924, between the two substrates. With no significant difference in 
supernatant protein concentration, an enhanced metabolism capacity of the strain was 
observed on PT-RSB compared to PT-SCB as the growth substrate. Biomass 
conversion and total product formation were also enhanced during PT-RSB 
fermentation at equivalent concentration. Accordingly the highest ethanol 
concentration was observed on PT-RSB at high biomass loadings. However, at low 
biomass loadings ethanol production was more favoured during PT-SCB 
fermentation. An increment in acetate level was also more profound on PT-SCB 
containing medium.  
Although ethanol yield was lower on PT-SCB but minimal lactate production 
was quite encouraging, suggesting that the redox state of SCB as a substrate was 
helping to direct the metabolic pathway of strain away from lactate production.  
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*Ethanol yield is presented as g of ethanol produced per g of glucan consumed determined on dry weight basis 
Biomass concentration (g L
-1
 of the glucose equivalents) 
 20 g 25 g 30 g 
PT-RSB PT-SCB PT-RSB PT-SCB PT-RSB PT-SCB 
Final pH 5.97 ± 0.05 5.97 ± 0.05 5.85 ± 0.04 5.85 ±0.04 5.89 ± 0.01 5.89 ± 0.01 
Ethanol Yield (g/g)* 0.13 ± 0.01 0.12 ± 0.01 0.15 ± 0.01 0.11 ± 0.01 0.16 ± 0.02 0.13 ± 0.00 
E/A ratio 1.29 ± 0.01 1.65 ± 0.08 1.24 ± 0.03 1.64 ± 0.14 1.28 ± 0.05 1.71 ± 0.01 
Biomass conversion (%) 35.01 ±2.06 42.97 ±0.47 35.01 ±2.06 36.32 ± 1.69 22.48 ± 1.97 23.92 ± 0.77 
Total residual sugar (g L
-1
) 2.00 ± 0.07 0.64 ± 0.03 2.90 ± 0.11 1.43 ± 0.08 3.07 ± 0.08 1.89 ± 0.11 
Total Inhibitor concentration (g L
-1
) 1.28 ± 0.02 1.28 ± 0.02 1.82 ± 0.04 1.82 ± 0.04 2.05 ± 0.10 2.05 ± 0.10 
Formate 0.18 ± 0.03 0.00 ± 0.00 0.02 ± 0.01 0.00 ± 0.00     0.16 ± 0.01 0.00 ± 0.00 
HMF 0.005 ± 0.00 0.007 ± 0.00 0.004 ± 0.00 0.007 ± 0.00     0.006 ± 0.00 0.014 ± 0.00 
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This result also support the significance of further efforts in improving 
fermentation of PT-SCB by the strain ATCC 31924 for achieving high ethanol and 
minimum lactate production. This also invites the possibilities for further research on 
these interactions and possible reasons behind.  
7.4  Conclusions 
In summary, cellulose degradation is a common characteristic amongst 
different strains of C. thermocellum and one of the strains ATCC 31924 has been 
investigated in detail for this particular characteristic using natural biomass 
substrates. The above data show the cellulosome hydrolytic potential of crystalline 
cellulose. The direct microbial conversion of dilute-acid PT-RSB and PT-SCB as 
lignocellulosic waste to ethanol was achieved. The thermophilic fermentation 
performance of strain ATCC 31924 was affected by the type of biomass used, when 
compared to the fermentation of dilute-acid PT-SCB and PT-RSB in anaerobic 
bottles. These results are important for future process development of ethanolic 
fermentation to improve performance on real biomass substrates. This study directly 
compared the fermentation performance of strain ATCC 31924 on high loadings of 
biomass under parallel conditions. Strain ATCC 31924 produced ethanol and was 
capable to grow on LCB at high substrate loadings, although with relatively lower 
substrate tolerance. This limitation can be resolved if pH declination and sugar 
accumulation can be controlled. 
Nevertheless the study presents only a proof of concept of CBP potential of 
strain ATCC 31924, but also provides an improved understanding of the 
characterization of C. thermocellum strain ATCC 31924 growth, end product 
synthesis and biomass conversion potential. Such studies are vital for further 
optimization of CBP strains. Fermentation performance on other biomass would 
further support the lignocellulose fermentation ability of the strain presented in 
current study.  
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This chapter outlines the major findings obtained in this work. This chapter 
concludes the results of the isolation of novel thermophilic and extremely 
thermophilic anaerobic bacteria and their optimization studies, which opens a new 
route for the development of effective strains for CBP for second generation ethanol 
production. On the other hand, co-culture of different polysaccharides and sugar 
fermenting strains showed an efficient strategy toward higher ethanol production. 
This chapter also suggests future research directions from the current findings. 
Conclusions 
The following conclusions can be summarized from the thesis: 
1) Potentiality of Indian diversity for new lignocellulolytic high temperature 
anaerobes and their fermentation profile  
Three potential biomass and sugar fermenting thermophilic anaerobic 
bacteria were isolated from hot spring and composting sites, India. These strains 
presented conversion of various cellulosic and hemicellulosic substrates to ethanol, 
acetate and lactate with ethanol being the major fermentation product. One of the 
isolate, Clostridium sp. DBT-IOC-C19, a cellulose-degrading thermophilic anaerobic 
bacterium, found to be an efficient cellulose degrader having direct cellulose 
fermentation to ethanol. In addition, this strain showed a broad substrate spectrum 
essential for CBP. A hemicellulolytic strain DBT-IOC-DC21, derived from the 
selective enrichment of hot spring samples on pure xylan, presented effective xylan 
and pentose sugar utilization. With an ability to ferment both C6 and C5 sugars along 
with complex polysaccharides, this strain came out as the only ‘true CBP candidate’ 
of this study. Furthermore, a fast growing sugar fermenting strain DBT-IOC-X2 
showing effective utilization of both C5 and C6 sugars was also purified.  
2) Cellulosic ethanol production via CBP  by Clostridium sp. DBT-IOC-C19 
In this study, strain DBT-IOC-C19 exhibited a broad substrate spectrum and 
presented single step conversion of various cellulosic and hemicellulosic substrates 
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to ethanol, acetate and lactate with ethanol being the major fermentation product. 
Additionally, the effect of varying cellulose concentrations on the fermentation 
performance of the strain was studied suggesting the maximum cellulose utilization 
ability of 10 g L
-1
 cellulose. Cellulose degradation kinetics of the strain DBT-IOC-
C19 displayed 94.6% degradation at 5 g L
-1 
and 82.74% degradation at 10 g L
-1 
cellulose concentration within 96 h of fermentation. In a comparative study with C. 
thermocellum DSM 1313, the ethanol and total product concentration were higher by 
the newly isolated strain on dilute-acid PT-RSB at an equivalent substrate loading.  
3) Direct fermentation of hemicellulose rich waste streams using the extremely 
thermophilic novel bacterium Thermoanaerobacter DBT-IOC-X2 
Sustainable production of ethanol from monosugars, sugar mix and PRWS 
derived from dilute-acid PT-RSB was investigated using strain DBT-IOC-X2, a 
predominantly pentose fermenting, extremely thermophilic ethanol producing 
bacterium isolated from Chumathang hot spring in Himalayan. A high reaction 
temperature (70°C) and alkaline (pH 8.0) conditions favoured the formation of 
ethanol from these substrates, under batch fermentation conditions. As determined 
by phylogenetic analysis, strain DBT-IOC-X2 belongs to the genus 
Thermoanaerobacter, most closely affiliated to T. pseudethanolicus (99.0%).  
The bacterium produced high ethanol yield of 83.57% and 91.12% of the 
theoretical maximum from glucose and xylose respectively. The ability to utilize 
various lignocellulose related substrates was tested with positive growth on glucose, 
xylose, cellobiose, arabinose, fructose and galactose. The bacterium presented 
substantial inhibitor resistance (2 g L
-1
 furfural and 5-HMF and 2.5 g L
-1
 acetic acid) 
and high substrate tolerance (over 15 g L
-1
).  
A high ethanol yield of 0.16 g ethanol/g sugars consumed from PRWS, 
suggested a considerable fermentation ability of real substrate by the new isolate. 
The simultaneous co-fermentation yield of 0.29 g ethanol per g of sugar consumed 
was achieved from a mixture of glucose and xylose. This yield along with over 95% 
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glucose and xylose conversion indicated the co-sugar fermentation ability of the 
strain. 
4) Direct fermentation of UT-RSB using novel hemicellulose fermenting 
thermophilic anaerobic bacteria, Clostridium sp. strain DBT-IOC-DC21 
In this study, a novel ethanol and hydrogen producing thermoanaerobe 
designated as strain DBT-IOC-DC21, isolated from hemicellulosic enrichment 
cultures derived from a biocompost sample, was investigated. The 16S rRNA gene 
sequence of the isolated strain revealed >99% sequence identity with C. 
stercorarium strains. Strain DBT-IOC-DC21 could grow on a wide range of 
temperatures and pHs with an optimum growth at 70°C and pH 7.0. Fermentation 
products from hemicellulose in all cases included ethanol, acetate, lactate, H2 and 
CO2. The strain presented a wide substrate spectrum with an ability to degrade 
crystalline cellulose, hemicellulose, C6 as well as C5 sugars (particularly arabinose 
and xylose) at an elevated temperature of up to 70°C.  These characteristics enable 
recognition of Clostridium sp. strain DBT-IOC-DC21 as ‘a true CBP candidate’.  
Metabolic profiling of the strain DBT-IOC-DC21 presented “preferential 
hemicellulose fermentation” when compared on a variety of carbohydrates typically 
found in lignocellulosic substrate, with the highest ethanol production on xylan 
(26.61 mM) and xylose (43.62 mM). During the fermentation of varying 
concentration of hemicellulose, a substantial amount of ethanol was produced, 
ranging from 25.27 mM to 67.29 mM. An increased ethanol concentration (up to 
40.22 mM) and hydrogen accumulation (33.91 ml) was reached during the 
fermentation of a mixture of cellulose and xylan, with significant effect on metabolic 
flux distribution. With varying partial pressure of hydrogen, maximum ethanol 
accumulation (28.54 mM) was observed at highest L-G ratio. For glucose, xylose 
and arabinose fermentation under optimized conditions, ethanol yield reached 
50.34%, 78.61% and 75.72% of the theoretical efficiency, respectively. Further to 
examine the feasibility for CBP process, batch fermentation of Clostridium sp. strain 
DBT-IOC-DC21 was investigated on UT-RSB, as cheap renewable substrate. In 
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conclusion, extremely thermophilic strain DBT-IOC-DC21 is a promising 
hemicellulose fermenting candidate for a CBP based fermentation process. 
5) Co-culture fermentation performance 
Later, three different co-culture combinations of the 3 selected strains were 
used on various substrates that presented two-fold yield improvement than the mono-
culture during batch fermentation. 
6) Enzymatic and fermentation characteristics of C. thermocellum ATCC 
31924 : A case study 
In this study, we report the detail characterization of optimum fermentation 
conditions for C. thermocellum strain ATCC 31924. In this work, the optimized 
fermentation conditions for strain ATCC 31924 were found to be a temperature of 
55°C, initial pH 8.0, an inoculum size of 4% (v/v), initial substrate concentration of 
0.5% (w/v) and yeast extract concentration of 0.5% (w/v) during growth on pure 
cellulosic substrate.  
In addition, a carbon flux shifting effect was also determined at varying 
acetate and initial cellulose concentrations. The high load of cellulose had a 
significant effect on cellulose conversion and ethanol production. The maximum 
cellulose conversion (100%) was observed at lowest cellulose concentration (2 g L
-1
) 
tested. A stimulatory effect of modest acetate concentration on cellulose 
fermentation was noted with 20% increment in ethanol production compared to the 
medium without acetate and maximum ethanol production (2.96 g L
-1
) occurred at 31 
mM acetate concentration. The effect of increasing cellulose loadings on percentage 
cellulose conversion and ethanol production demonstrated highest ethanol to acetate 
ratio of 2.92 at initial cellulose concentration of 30 g L
-1
. An addition of 0.5% (v/v) 
of exogenously added ethanol caused 50% decrease in ethanol yield. 
When ATCC 31924 was cultured with various substrates, glucose and 
cellobiose presented 100% substrate conversion and an ethanol concentration of 1.96 
and 2.26 g L
-1
, respectively. Cellobiose was shown to be an effective substrate with 
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ethanol yield approaching about 51% of the theoretical efficiency.  Strain ATCC 
31924 decomposed 90.5% cellulose within 120 h when grown on a yeast extract 
containing medium. In particular, the strain ATCC 31924 differed in its cellulose 
degradation potential, xylan utilization and optimal pH requirement compared to the 
other strains of C. thermocellum. This study suggests the first study report of 
purification of cellulosome from ATCC 31924 grown culture. The optimum 
conditions determined in this study can be useful for enhanced ethanol production 
from LCB employing strain ATCC 31924. Furthermore, strain ATCC 31924 
efficiently fermented two different PT biomasses but differ in metabolic 
characteristics on dilute-acid PT-RSB and PT-SCB with PT-RSB as the more 
preferred substrate. Within 144 h, the percentage biomass conversion reached in the 
range of 22.48% to 57.28% and 23.92% to 53.35% for PT-RSB and PT-SCB 
respectively, at different concentrations tested. This study emphasizes the potential 
of C. thermocellum strain ATCC 31924 for the efficient conversion of low-cost 
renewable biomass to a carbon neutral product i.e. ethanol.  
 Future directions 
Based on the work carried out in this thesis, there is scope for further 
improvement for developing cost-effective CBP for ethanol production. These 
include: 
1) Clostridium sp. strains especially DBT-IOC-C19 and DBT-IOC-DC21 produced 
higher ethanol using RSB as substrates. This clearly emphasizes the potential of 
“direct microbial fermentation” of these two strains for ethanol production. High 
temperature and anaerobic conditions could potentially resolve the problem of 
microbial contamination and provide additional process benefits. Therefore 
developing a large scale fermentation process with these two strains using real 
lignocellulosic substrates can be another area of interest. Ability of these strains 
to grow together in synergy also provides an opportunity to explore the 
possibility of developing efficient co-culture, for the single step production of 
ethanol.  
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2) Further investigation of fermentation performance of these strains on a variety of 
LCB can be helpful to understand the relationship between type of biomass and 
microbe synergy.  
3) This study presented preliminary optimization of these strains with respect to 
growth and fermentation conditions, to develop an in-house CBP process. Still 
particular efforts are required to develop optimized conditions for these strains. 
4) Sugar fermenting strain DBT-IOC-X2 used in this study can efficiently ferment 
PRWS of dilute-acid PT-RSB. However, due to lower substrate tolerance of 
strain, diluted stream has to be used for fermentation. Therefore, attempts to 
improve substrate tolerance in this strain using evolutionary adaptation 
approaches or mutagenesis could provide a more efficient evolved strain. 
Development of such strain and its subsequent application in biorefinery will 
significantly avoid the extra cost associated detoxification or neutralization steps 
for the retrieval of pentose sugars from this waste stream. Further, it will be 
interesting to evaluate this strain for ethanol production on hemicellulose rich 
waste stream derived from different types of PT-LCB, as each biomass may have 
different sugar and inhibitor profile. 
5) Investigation of factors influencing metabolic flux redistribution in these strains 
need to be carried out to further investigate the possibilities of homoethanol 
fermentation. 
6) Since these strains are environmental isolates, genome level investigation can be 
useful to explore detail information regarding their metabolic pathways and 
enzyme systems. As different paradigm of lignocellulose solubilization become 
evident from some newly isolated thermophilic anaerobic bacteria, it will be 
really interesting to see the enzymatic machinery involved in these strains. 
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